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ABSTRACT 
 
Statement of the problem: Iron deficiency anemia (IDA) is major health concern in Guatemala. 
Strategies to target IDA, including food fortification and supplementation, have been used with limited 
impact in low income, rural populations. Food insecurity, reduced dietary diversity, diets rich in Fe 
absorption inhibitors and low consumption of animal products and fortified foods contribute to the 
underlying causes of IDA. The basic diet for these populations are self-produced corn and beans, which 
during stress periods constitute about 80% of their daily caloric intake. High frequency of consumption, 
accessibility and cultural practices make nixtamalized corn (NC) a suitable staple for stealth fortification 
with iron. Fortification of NC for tortillas at the point of wet grinding could be an effective strategy 
against IDA in rural Guatemala. In this work, the author proposes stealth fortification of masa for 
tortillas with chelated iron by mixing a highly enriched extruded product with NC during traditional wet 
grinding. 
Approach: Extruded fortified pellets for NC fortification were manufactured using a 1:1 (w/w) 
combination of corn grits and brown rice. Extrusion process was performed using a Welly puffing 
extruder. It used a single screw fixed at 120 rpm delivering 65.63 g material /min through a circular hole 
die (3.1 mm) at an average temperature of 153 ±3.1 °C. A single blade cutter set at 450 rpm was used to 
shape pellets. Fluid delivery of iron into pellets was accomplished by using a peristaltic pump. Iron 
fortification solutions containing 92.25 mg/mL and 150 mg/mL of NaFeEDTA and ferrous bisglycinate, 
respectively, were directly pumped into feeding end of the extruder. NC was cooked using a traditional 
recipe (1% lime, 2 h @105°C) and steeped for 10 h. Iron fortified pellets were mixed with NC at 12.5, 25 
and 50 g pellets / kg NC in a bucket. NC was ground into masa using a Burr mill. Color, texture and iron 
content were determined in the pellets and masa. The effect of wet grinding and fortification level on 
iron concentrations were assessed by two-way ANOVA. The effect of fortification on color and texture of 
masa within an 8-h period was assessed using repeated measures ANOVA. 
Results: Final pellets dimensions (LxWxH mm) were 17.07±1.06, 11.94 ±1.54, 11.40± 1.08. Iron 
concentrations were 0.30±0.01 and 0.66±0.01 mg Fe/g of pellet representing Fe recoveries of 85.7 and 
71.5% for FeNaEDTA and ferrous bisglycinate pellets, respectively. Constant process for Fe incorporation 
into pellet was observed after 15 min of extrusion. Non fortified nixtamalized masa iron concentration 
was 26.7 ± 4.3 mg Fe per kg masa (db). Fortification of nixtamalized corn at 3 levels, 12.5, 25 and 50 mg 
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of pellet/kg NC resulted in increased iron concentrations in masa (P<0.05). Masa fortified with 
NaFeEDTA pellets showed higher variability in Fe content, which was farther from the expected levels 
than that fortified with ferrous bisglycinate pellets. Distribution of iron was evaluated by differences on 
iron concentration using a sample collection scheme (i.e., top, middle, and bottom) without further 
mixing. No significant sampling effects were found among the Fe fortified masa treatments. However, 
%RSD was excessively high (1.84 to 87.28%) within treatments using the sampling scheme proposed. 
Iron recoveries for NaFeEDTA fortified masa were lower than those observed in ferrous bisglycinate 
fortified masa. High variability within the sample masked the addition of NaFeEDTA. Highest Fe recovery 
(56.6%) was observed in masa fortified with 50 g pellet/ kg NC. Iron fortification affected both color and 
texture of masa.  The effect of time was associated with masa hardness.   
Conclusion: The creation and evaluation of a super-fortified iron pellet was achieved. The use of 
NaFeEDTA or ferrous bisglycinate as iron formulas worked well in the pellet and resulted in specific 
characteristics in terms of maximum iron content, color and texture. The production of these pellets was 
feasible using liquid delivery to infuse iron solutions into pellets. Nonetheless, incorporation of iron into 
pellets requires further optimization. The replication of traditional nixtamalization process under 
controlled conditions was also achieved. A Burr mill and a bucket where necessary to mix iron fortified 
pellets with NC, yielding masa with specific characteristic in terms of color and texture, which were 
different from the non fortified control.  The high variability in the redistribution of iron led to poor 
recoveries for certain iron types and levels, especially NaFeEDTA at 12.5 and 25 g/kg NC. Thus, the 
addition of iron into NC delivered in fortified pellets was not feasible using manual mixing in the bucket 
and grinding in the Burr mill, at least at the lowest levels of iron evaluated.  It is possible that modifying 
pellet density, optimizing iron solubilization at higher pH, and kneading masa after grinding, as 
customary in Guatemala households, could help uniform iron dispersion in NC masa. 
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CHAPTER 1:  INTRODUCTION 
1.1 Rationale and justification 
People in Guatemala suffer from several micronutrient deficiencies, iron being the most 
important. Despite previous efforts to eradicate iron deficiency anemia (IDA), rates still remain high. IDA 
is persistent in about a quarter of the population, with susceptible groups including children 6 months to 
5 years and woman of reproductive age at further risk. IDA incidence rates are as high as 40% for each of 
the groups mentioned before. This situation imposes a heavy burden for children’s neurological 
development and physical growth. Furthermore, it represents a decline in working capacity and ability 
to generate capital.  
The efficacy of current strategies such as mandatory fortification of staple products e.g., corn 
and wheat flours, remains limited. Public health efforts aimed at iron supplementation are limited due 
to lack of infrastructure, government budget constraints and public health capacity.  
The odds of suffering from IDA increase with conditions such as income-poverty ratio, 
geographical location and dependence on agriculture. Many farming families living in rural areas, lack 
the economic assets to acquire fortified goods or animal products rich in highly bioavailable iron. Public 
health initiatives to combat IDA through supplementation and fortification strategies are out of reach 
for this populations due to physical inaccessibility, economic constrains and adversity of the treatment.  
In this thesis, I propose a sustainable approach of in-situ fortification model using an extruded 
pellet with high levels of iron to fortify nixtamalized corn right before wet grinding. Corn (Zea mays) and 
bean (Phaseolus vulgaris) consumption in Guatemala comprise approximately 80% of the caloric intake 
for low income families. Most of low income families in the rural area work in subsistence agriculture 
and rely on self-harvested products from previous seasons. Furthermore, access to fortified goods from 
central markets remains limited due to extreme poverty conditions. These circumstances as well as clear 
cultural characteristics that promote constant consumption of corn make nixtamalized masa a viable 
vehicle for iron fortification. The concept of stealth nutrition would benefit the family as a whole 
through constant consumption of fortified tortillas. Other in-situ fortification technologies have been 
tried in Guatemala in a wide range of semisolid foods, but their applicability remains limited to the 
infant/children group. This technology is expected to be technically feasible, inexpensive and consumer 
friendly in order to increase adoption rates and results in reduction in IDA in Guatemala. 
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1.2 Study Hypothesis 
Through creation of a point-of-use fortification technology one can incorporate and deliver a uniform 
quota of chelated iron into nixtamalized corn masa using traditional wet milling processes. 
1.3 Objectives 
1. Design a simple fortification technology to allow for in-situ iron fortification of corn 
masa at the point of wet milling.  
2. Evaluate the incorporation of chelated iron into corn masa using this technology. 
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CHAPTER 2:  LITERATURE REVIEW 
 
Nutritional deficiencies are still a problem in modern and developing societies around the world. 
Malnutrition is a condition in which the body does not absorb enough nutrients for its adequate 
development (Tulchinsky, 2010). Nutritional deficiencies depend on the type of nutrients lacking in the 
diet. Macronutrient malnutrition occurs due to an imbalance of major macronutrients such as 
carbohydrates, fats and proteins alone or in combination. In early stages of malnutrition, muscle mass is 
protected due to expenditure of glycogen and visceral fat; however once these stores are depleted, 
muscle catabolism starts in order to meet metabolic needs. This chronic clinical stage is called marasmus 
(total energy deprivation), similar malnutrition stages, kwashiorkor, could observed due to protein 
deficient diets (Grover-Kopec et al., 2005; Jeejeebhoy, 2012; Waterlow, 1972). According to Food and 
Agriculture Organization (2012) malnutrition affected one billion people worldwide with major clusters 
in Asia, Africa and Latin America and the Caribbean; for the last region low weight for age, stunting, 
rates are 13.1%, 20.6% and 6.9% for South America, Central America and Caribbean respectively. 
Countries within the region such as Guatemala, Honduras, Haiti, Peru and Bolivia have stunting rates 
ranging from 30 to 50% with very little change in the last years (United Nations-Standing Committee on 
Nutrition, 2010). 
Other types of malnutrition occur due the restriction of a single or combination of specific 
micronutrients (i.e., vitamins and minerals). Micronutrient malnutrition affects about two billion people 
worldwide (Tulchinsky, 2010). Causes of micronutrient deficiencies include inadequate diets, digestion 
and absorption restrictions, medical conditions or a combination of these factors. Malnutrition could 
range from mild and asymptomatic to severe acute malnutrition, a condition which in early life stages 
causes permanent damage to the body (Suskind, 2009). These problems impose a heavy burden to the 
development of the regions by compromising physical and mental development of their populations. 
Furthermore, susceptible groups such as people living with HIV, children and pregnant women face a 
higher risk suffering from low caloric intake and micronutrient deficiencies (R. E. Black et al., 2008; 
United Nations-Standing Committee on Nutrition, 2010). In this literature review the author will provide 
a framework for this work. The following themes will allow the reader a better understanding of the 
conditions of use of this point-of-use fortification technology for its incorporation in corn milling 
facilities within rural Guatemala. 
 4 
 
2.1 Micronutrient malnutrition in Latin America and the Caribbean  
Vitamin A deficiency is estimated as the prevalence of marginal serum retinol levels (< 20 μg/dl) for 
children below 5 years of age (Sommer & Davidson, 2002). In Latin America and the Caribbean (LAC) 
region its prevalence is 11.5%, but with a tendency to decrease in the number of cases (United Nations-
Standing Committee on Nutrition, 2010). The total of 6.3 million children below 6 years of age suffer 
from vitamin A deficiency in Latin America and the Caribbean, with 0.5 million in the Caribbean, 2 
million in Central America and 3.8 million in South America compared to 154 million cases in the rest of 
the World (Mason et al., 2005; United Nations-Standing Committee on Nutrition, 2010). 
Latin America’s iodine consumption follows a comparable progression to Vitamin A. As 
expansion of iodine fortified salt has increased, the percentage of iodine deficiency, manifested as goiter 
cases, has declined. Currently, about 70% of the households in industrialized and developing countries 
consume iodized salt (United Nations-Standing Committee on Nutrition, 2010). By 2007, in South 
America and Central America the coverage of iodized salt was higher, with 92% and 81% consumption 
respectively, compared to the Caribbean where only 48% of the households were covered. The 
prevalence of goiter in the LAC region is 13.3% with approximately 57 million cases (United Nations-
Standing Committee on Nutrition, 2010)Nevertheless, there still exist serious uncovered micronutrient 
deficiencies in Latin America such as niacin, folate, cobalamin and iron as well as high prevalence of 
stunting with no tendency to improve. 
In the Americas there is a high prevalence of low plasma concentrations of cobalamin (B12) and 
folate (B9) across different age groups and geographic locations (Allen, 2004). Studies suggest that for 
specific rural populations high prevalence of cobalamin deficiency is due to low consumption of food 
from animal sources (Holst-Schumacher et al., 2007; Stabler & Allen, 2004). Studies conducted in 
Mexico, Guatemala and Costa Rica and have shown the susceptibility of groups such as school children, 
pregnant and lactating women to cobalamin deficiency (Allen, 2004; Stabler & Allen, 2004). In Mexico, 
studies with rural populations showed high prevalence of deficient serum cobalamin concentrations. 
Deficient B12 values were founds in 41% of preschoolers (ages 18–36 months), 22% of children ranging 7 
to 10 years old, 19% of non-pregnant and pregnant women, 30% of lactating women, and 27% of adult 
males. Deficient values were consider total B12 serum concentrations under 74 pmol/L for pregnant 
women and 103 pmol/L for the rest of the groups showed prevalence of B12 deficient values (A. K. Black 
et al., 1994). For peri-urban Guatemalan children ranging 7 to 12 months and 6 to 12 years the 
prevalence of deficient B12 serum concentrations were 25% and 13% respectively. Similar studies in 
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lactating women showed a prevalence of 47% marginal serum B12 status (Allen, 2004) Costa Rican adults 
(32.5 ± 5.6 years) from rural and urban areas showed 11.2% and 31.2% prevalence of deficient and 
marginal B12 concentrations respectively (Holst-Schumacher et al., 2007). 
Among the high prevalence of all micronutrient deficiencies in the LAC region, iron deficiency 
anemia continues to be the most significant nutrient deficiency worldwide. Prevalence of iron deficiency 
anemia in Central America was 20.3%, 23.8% and 23.7% among non-pregnant women, pregnant women 
and children under five years of age, respectively. Similarly, high rates are prevalent among populations 
in South America (26.1%, 22.4% and 41.7%) and the Caribbean (33.3%, 36.8% and 33.5%) among same 
groups, respectively (United Nations-Standing Committee on Nutrition, 2010). 
2.2 Iron Deficiency Anemia  
Iron deficiency anemia (IDA) is a condition in which the body does not have an adequate red 
blood cell concentration as a consequence of depleted iron reserves in the body. A low red blood cell 
count cause delayed fetus development in pregnant women, impairs proper mental development and 
growth in children (Akman et al., 2004; Soliman et al., 2009) and inadequate performance in adults. IDA 
in early stages of life has severe and lasting impacts than when it occurs in adulthood. If IDA is persistent 
during childhood, its consequences in later stages of life cannot be remedied, even with iron 
supplementation therapy (Soliman et al., 2009). IDA has a direct effect on children’s neurological 
development by decreasing learning ability (Akman et al., 2004), reduction of psychomotor capacity 
(Walter et al., 1989) and a decreased concentration of dopamine receptors and serotonin levels (Li et al, 
2011). Additionally, IDA has detrimental effects on physical growth. Growth hormone secretion is 
related to serum transferrin concentrations (Donnadieu et al., 1980). As IDA progresses, growth rate 
declines, significantly impairing adequate physical development (Soliman et al., 2009). Furthermore, 
profound metabolic changes occur due to IDA in infancy such as inappropriate myelination patterns of 
the spinal cord and abnormalities in the basal ganglia function (Shafir et al., 2008). In order to overcome 
this problem, The Institute of Medicine (2001) set iron requirements for children depending on their 
growth stage. For instance, infants 7- to 12-month old require 11 mg Fe/day, whereas children 1 to 3 
years and 4 to 8 years require 7 mg and 10 mg Fe/day, respectively (Institute of Medicine, 2001). 
The consequences associated with IDA in pregnant and non-pregnant women place a high risk on this 
group. IDA during pregnancy increases the odds for inadequate gestational weight gain, preterm 
delivery, low birth weight, and perinatal infant mortality (Allen, 1997; Garn et al., 1981; Klebanoff et al., 
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1991; Lieberman et al., 1988; Scholl et al., 1992). During pregnancy, iron requirements increase due to 
factors associated with fetal and placental growth. Approximately 500 mg Fe are associated with red cell 
mass expansion and 250 mg Fe related to blood loss at delivery (Scholl, 2011). The unique characteristics 
of pregnancy place increments in iron maternal needs, from 6 mg/day in the 1st trimester, to 19 mg/day 
in the 2nd trimester, to 22 mg/day in the 3rd trimester of pregnancy (IOM, 2001). For non-pregnant 
woman in reproductive age has an increased iron requirement due to blood losses related to menstrual 
periods (Patterson et al., 1998) especially in areas were access to iron supplementation therapy is non-
existent or hardly available (Ramakrishnan & Imhoff-Kunsch, 2008) 
Although iron deficiency account for most of anemia cases, other causes can contribute to its 
occurrence. Among them, infectious diseases such as malaria and schistosomiasis, gene disorders such 
as thalassemias, and deficiencies of other key micronutrients including folate, vitamin B12, vitamin A can 
lead to anemia (Worwood, 2004, Friedman et al, 2005, Spottiswoodie et al, 2012, WHO, 2004). 
2.2.1 Iron absorption and metabolism 
Iron is a trace element present in the body. Due to its propensity to cause redox reactions and 
accelerate tissue degeneration, its actions and transport are always mediated by protein transporters 
(McCord, 1998). Daily supply of iron in the diet can be obtained from two iron sources: heme and non-
heme iron. 
Non-heme iron is iron not associated with prosthetic groups. Non-heme iron is found in 
vegetable sources and its uptake ranges from 1 to 20% (Bothwell et al., 1979). Plant foods contain iron 
in both Fe+2 or Fe+3 oxidation states. Most non-heme iron, however, is present in Fe+3 rather than Fe+2 
oxidation state (Spiro & Saltman, 1974). At stomach acidity (pH ≤ 1), both forms of iron are soluble; but 
as alkalinity increases, such as the pH found in the intestinal tract, Fe+3 becomes less soluble. In more 
neutral pH, such as the jejunum, ferric iron is chelated by mucins and similar glycosylated proteins to 
remain in solution (Conrad et al., 1991).Contrary to non-heme iron, heme iron is contained within a 
heterocyclic prosthetic group, porfirin. Heme iron is derived from animal sources and its uptake ranges 
from 15 to 35% (Carpenter & Mahoney, 1992). The enhanced intestinal uptake of heme iron relies on its 
capability of avoid interactions with iron inhibitors. The presence and high specificity of iron 
transporters (e.g., HCP1) and other transport mechanisms have been completely elucidated yet (West & 
Oates, 2008). For the most part, iron absorption occurs in the duodenal part of the intestine; a minor 
part is absorbed in the jejunum. 
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Iron absorption occurs in the enterocytes of duodenal lining and differs based on iron source. 
Non-heme iron absorption is limited to its oxidation state. Non-heme iron absorption is mediated by a 
divalent metal transporter (DMT1) which only carries Fe+2 form. However, ferric iron can be absorbed by 
reduction to its ferrous state by duodenal cytochrome b ferric reductase (Dcytb) present in the brush 
border (McKie et al., 2001) or by dietary enhancers such as vitamin C (Lynch & Cook, 1980). Heme iron is 
absorbed integrally by the HCP1 transporter (Shayeghi et al., 2005) and by a hypothesized receptor 
mediated endocytosis. Inside the enterocyte, heme iron is transported to the endoplasmic reticulum 
were heme-oxygenase catalyzes the metalloporphyrin ring, releasing the iron portion into the 
cytoplasmic pool (Uzel & Conrad, 1998; West & Oates, 2008). Iron from either source is bound to ferritin 
in enterocyte cytoplasm for storage or to apotransferrin for bloodstreams circulation. Iron binding to 
apotransferrin only occurs in the Fe3+ state. Enterocyte Fe2+ oxidation is mediated by hephaestin, an 
enzyme able to catalyze iron oxidation to its Fe3+ state. Iron transport from the enterocyte to 
bloodstream circulation is mediated by FPN1 channel in the enterocyte (West & Oates, 2008). Iron 
homeostasis is controlled by the hormone hepcidin. Hepcidin is synthetized in the liver and binds to 
ferroportin preventing iron flux into the bloodstream when reserves in the liver and bone marrow are 
full (Ganz, 2003; Nemeth & Ganz, 2006).  
 Several specific types of protein have a detrimental effect to non-heme iron absorption. Hurrell 
et al (1992) showed the negative effect of soy protein isolates on iron absorption, even after phytate 
removal. Similarly, Cook et al (1976) showed the negative effects of milk, milk derivatives and eggs on 
iron absorption. These authors also indicated the positive effect of muscle protein on iron absorption at 
levels equivalent to 20.2 g of beef protein. 
Calcium and minerals such as zinc and copper affect iron uptake by the enterocyte through 
mechanisms such competition and interaction. Arredondo et al (2006) demonstrated that high doses of 
Zn, Cu and Fe in a model of intestinal epithelia caused absorption inhibition among each mineral. 
Calcium also caused absorption interactions with iron when both were consumed at the same time. At 
levels of 600/mg Ca and 18 mg Fe, reduction of absorption capacity were between 49% and 62% 
depending of the type of calcium formulation (Cook et al., 1991). 
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Figure 1. Iron absorption. 
Adapated from J Gastroenterol. 2008 July 14; 14(26): 4101–4110. 
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2.2.2 Absorption enhancers  
Iron absorption enhancers are compounds that increase iron bioavailability and uptake by the 
enterocyte. Absorption enhancers use action mechanisms such as mediation of oxidation state or 
chelation to improve iron absorption. Ascorbic acid, as well as other soft acids, improves iron absorption 
by increasing the reduction of Fe3+ to Fe2+ present in the intestinal lumen. Duodenal cytochrome b 
reductase (Dcytb) mediates the reduction of Fe3+ to Fe2+, but has limited capacity.  Conrad et al (1968) 
demonstrated that besides its oxidation potential, ascorbic acid also protects iron by chelation. 
Furthermore, ascorbic acid has the potential to overcome the negative effects of phytates, polyphenols, 
other minerals and proteins derived from dairy products, improving iron uptake (Hallberg et al., 1989; 
Siegenberg et al., 1991). 
Protein source can modulate iron absorption. As mentioned before, specific proteins present in 
milk (e.g., whey and casein) and in eggs (e.g., albumin) limit iron absorption. However muscle tissue 
improves iron absorption. Pork, lamb, liver, chicken and fish protein showed increased iron uptake by 
subjects who consumed a standard meal with the same caloric and protein content (Cook & Monsen, 
1976). Similarly, Reddy et al (2006) demonstrated that meat consumption partially increase iron 
absorption in normal individual. The mechanisms behind the promotion of iron absorption by muscle 
proteins are not completely elucidated; however protein chelation and iron interactions with cysteine 
have been proposed as mediating mechanisms with absorption stimulating effects (Martinez Torres et 
al., 1981). 
2.3 Diets in Guatemala 
Current Guatemalan food consumption patterns have showed an increment in item diversity 
compared to 60 years ago. Nevertheless, Guatemalan diets are still linked to their traditional roots from 
Mayan ancestry. In rural, Mayan descent (i.e., indigenous) and non-indigenous communities 
consumption of traditional items accounts for 72% and 76% of total caloric intake, respectively. For rural 
Mayan descent population consumption of processed foods only represents 11% in contrast to 30% for 
non-indigenous Guatemalans in the diet (Bermudez et al., 2008). 
Traditional Guatemalan diets are based on cereals and legumes. For cereals, corn and its 
derivatives are predominant in the diet, mostly in the form of masa for tortilla preparation. Rice 
consumption is marginal but wheat consumption has increased in the last decades (INE, 1992), mainly in 
the form of bread (e.g., french bread, sweet bread) and pastas. Cereals contribute more than any other 
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group to the total energy intake for Guatemalans; and corn represents 38% of the total caloric intake 
(INE, 1992). 
In 1991, fruits and vegetables were the second most consumed food group in Guatemala. 
Traditional fruits such as bananas, mangos, and avocado; vegetables such as guisquil, onions and 
tomatoes; and traditional green leafy vegetables were common in the diet (INE, 1992). Despite the 
prices of widely consumed fruits and vegetables have declined since 2009, current consumption of fruit 
and vegetables is limited by income restrictions (INE, 2013). The average consumption of fruits and 
vegetables has declined due to extreme poverty conditions, especially in rural areas (ENCOVI, 2012). 
Montenegro-Bethancourt et al (2009) showed reduced consumption of fruits and vegetables among 
schoolchildren in Quetzaltenango. The types of fruits and vegetables varied by group, but their overall 
contribution to caloric intake remained similar independently of socioeconomic status or gender. 
Legumes are the most important food group for protein contribution in the Guatemalan diet. 
Black beans are the most prominent item, which contribute ~75% of the total protein intake (INE, 1992). 
Since 2009, there has been no fluctuation in the price of black beans. The prices for other protein 
sources such as eggs, milk, meats and fish have increased in the same period, limiting their consumption 
(ENCOVI, 2012; INE, 2013). 
Food consumption patterns are associated with demographic and cultural characteristics. Urban 
populations have higher consumption of items present in the basic food basket compared to its rural 
counterpart (INE, 1992). Torun et al (2002) demonstrated life style differences between rural and urban 
residents, where urban populations had an increased consumption of saturated fats, red meats, 
sweetened soft drinks and lower consumption of fruits and vegetables. There were also well-established 
differences among poverty and extreme poverty levels among rural and urban groups which affects 
dietary patterns (ENCOVI, 2011).  
Corn and beans constitute a fundamental part of the Guatemalan diet. During stress periods 
these two items represent about 80% of their daily caloric intake (Bressani et al., 1997). Despite its 
complementary amino acid profile, the nutritional quality of both products is limited. Alkaline 
treatment, thermal processing and milling improve micronutrient bioavailability (Rong & Wang 
KangNing, 2009) but absorption of essential minerals such as iron and zinc from these items is still 
restricted. Low mineral quantities present in grains and legumes as well as high concentration of 
inhibitors in the food matrix reduce mineral absorption (Lin et al., 2005). 
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In rural Guatemala, traditional tortilla preparation is an ancestral food process. Corn is cooked in 
an alkaline solution of water/lime (CaCO3, 0.5% to 1%). Then, cooked corn is stepped for 12 to 14 h. 
After steeping, corn is washed, 4 to 5 times, and remaining solution is drained (Bressani et al., 1958). In 
some areas of Guatemala, the use of manual instruments for corn grinding (e.g., mano-metate) was 
common (Krause et al., 1993). This labor intensity activity has switched, however, to outsourcing this 
service to small local milling facilities, where nixtamalized corn is ground into high moisture dough called 
masa which can be used to prepare a variety of products such as tortillas, tamales, tortilla chips and 
several others (Lopez, 2002). These micro industrial operations and the grinding process are highly 
heterogeneous and vary according to the region, machinery available and expertise of the miller. 
Although conditions vary greatly, the overall final product is consistent and its characteristics are 
determined by the sensory properties of the masa. No approaches in the past have been targeted 
towards this specific segment of the market. Furthermore, the frequency of nixtamalized corn masa 
(NCM) consumption is higher than wheat flour, making NCM for example, a more suitable vehicle for 
micronutrient delivery. 
2.4 Strategies to combat iron deficiency anemia 
2.4.1 Dietary supplementation  
Supplementation therapy consists in the clinical prescription of iron sources when normal levels 
of iron cannot be restored within an acceptable timeframe. Iron supplements are crucial to the 
treatment of severe and moderate IDA across sex, age and racial groups (Stoltzfus & Dreyfuss, 1998). 
Iron supplementation is one of the most effective strategies to combat IDA. Its usage and efficacy in 
groups such as pregnant women and children under the age of five years have been widely studied 
(Galloway & Mcguire, 1994; Long Hui et al., 2012). Iron supplements are usually administered orally and 
their pharmacological formulations are the same compounds used in food fortification. 
Recommendations for IDA treatment include administration of oral supplements containing 200 mg of 
ferrous sulfate, gluconate or fumarate three times a day for adults and 3 mg Fe/kg body weight for 
children (Booth & Aukett, 1997; Goddard et al., 2011; Idjradinata et al., 1994; Waller & Smith, 1987).  
Despite its benefits, dietary supplementation has limitations. Supplements are only provided by 
healthcare professionals. In developing nations, this is a significant constraint. Determinant factors such 
as poverty, disease, education level, community infrastructure, age and household size conditions 
impact hemoglobin levels (Foo et al., 2004; Marini & Gragnolati, 2003) and micronutrient supplement 
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accessibility. Due to these limitations, most interventions have opted to conduct blanket 
supplementation campaigns, regardless of the populations’ iron status. In addition, IDA patients tend 
not to consume iron supplements due to abdominal discomfort and hardness of the stools. Other 
independent factors such as migration, inadequate program support, and inadequate delivery system 
could negatively impact treatment compliance (Galloway & Mcguire, 1994) and thus, the intended effect 
of the supplementation. 
2.4.2 Fortification of Foods: Iron formulations 
Iron is one of the most difficult fortificants to be added into food matrixes. Iron formulations can 
be classified based on their solubility in: 1) water soluble, 2) poorly water soluble, soluble in acid, 3) 
water insoluble, poorly soluble in dilute acid and 4) protected iron compounds (Hurrell, 1997; Swain et 
al., 2003). 
Water soluble iron formulations.  
These iron compounds have high bioavailability due to their solubility properties. Nevertheless, 
some are highly reactive and prone to promote oxidation of vitamins and lipids within the food matrix. 
Generally, these compounds cause detrimental sensory changes in fortified foods. These iron 
formulations are used in dry foods or vacuum sealed products such as baby formulas. Some examples 
are ferrous sulfate, ferrous lactate, ferric gluconate and ferric ammonium citrate (Allen et al., 2006). 
Ferrous sulfate is one of the most widely used fortificants and is referred as a standard for comparison. 
Its low cost and high bioavailability make it the preferred choice for products such as whole wheat flour 
(Rehman et al., 2006) and maize meal (Bovell-Benjamin et al., 1999). Ferrous lactate and ferrous 
gluconate have similar profiles compared to ferrous sulfate. However, both iron formulations are more 
expensive, 7.5 and 6.7 times respectively, than ferrous sulfate per gram of iron delivered (Allen et al., 
2006). Ferrous lactate and gluconate have been successfully added to products such as soy sauce 
(Watanapaisantrakul et al., 2006) and ferrous gluconate to soy flour alone (Kiskini et al., 2007). Similarly 
to previous examples, ferric ammonium citrate cost is 4.4 times higher than ferrous sulfate. It has been 
used in flour fortification programs in the UK (Cook & Reusser, 1983). 
Poor water solubility, soluble in acid iron formulations.  
These compounds have similar bioavailability as water soluble fortificants when consumed by 
individuals without medical conditions impeding gastric acid secretion (Salgueiro et al., 2002)Included in 
this group are ferrous fumarate, ferrous succinate and ferric saccharate. These iron formulations are less 
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reactive causing fewer undesirable changes to the food matrix such as shown for prepared baby 
formulas (Morales et al., 2008) Nonetheless, some studies have presented that ferrous fumarate 
promoted rancidity and other undesirable organoleptic changes in infant cereals (Hurrell et al., 1989). 
Water insoluble, poorly acid soluble iron formulations compounds.  
These compounds have the lowest bioavailability rates compared to ferrous sulfate. 
Nevertheless, they are used widely for fortification purposes around the World due to their low price, 
sometimes a fraction of ferrous sulfate. Water/acid insoluble iron formulations cause minimal sensory 
changes to the fortified product. In this category are ferric orthophosphate, ferric pyrophosphate and 
elemental iron. Elemental iron is obtained in different types such as reduced, atomized, CO reduced, 
electrolytic and carbonyl forms. Bioavailability rates compared to ferrous sulfate are 25-32% for ferric 
orthophosphate, 21-45% for ferric pyrophosphate and 24% for atomized elemental iron (Allen et al., 
2006). 
Elemental iron has been used in products such as wheat and maize flours and complementary 
foods (Akhtar & Anjum, 2007; Dary, 2002a). Furthermore, elemental iron has been tested as fortificant 
in products such as baby formulas with high acceptability (Morales et al., 2008), however the 
applicability of elemental iron is limited since at concentrations of 40 mg Fe/kg undesirable sensory 
changes have been reported (Akhtar & Anjum, 2007). This contradicts WHO’s supplementation 
guidelines, which dictates that in order to compensate for their limited bioavailability, elemental iron 
should be added to double the target quantity (Allen et al., 2006; Hurrell et al., 2010). 
Ferric pyrophosphate has similar outcomes regarding sensory changes and bioavailability 
compared to elemental iron. Ferric pyrophosphate has been tested in product such as precooked wheat 
flour (Hurrell, 1997), bread (Kiskini et al., 2007) and chocolate beverages (Douglas et al., 1981) with 
demonstrated consumer acceptance and shelf stability over periods up to 7 weeks.   
Protected iron compounds.  
These compounds are highly soluble in aqueous medium. Furthermore they are highly 
bioavailable and less reactive than other iron formulations. In this group are iron (III) ethylene diamine 
tetraacetate (NaFeEDTA) and ferrous bisglycinate. Their use has not been widespread due to cost 
constrains, NaFeEDTA and ferrous bisglycinate are 16.7 and 17.6 times more expensive than ferrous 
sulfate per gram of iron delivered (Allen et al., 2006).  
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Chelated iron formulations are compounds in which the iron is protected from potential binders 
in the food matrix which may impair iron absorption (Salgueiro et al., 2002). Inhibitors are a significant 
problem among populations consuming vegetarian diets. NaFeEDTA is a yellow light powder containing 
13% iron by weight. Functional pH of NaFeEDTA is between 3.5 and 5.5 at 1/100 (w/v).  Ferrous 
bisglycinate is a red color powder containing 20% iron. Iron in this molecule is bound to two glycine 
aminoacids in four points, which protects iron from being released during the digestive process. Once 
the chelated mineral arrives to the jejunum cell lining, it is absorbed by active transport and dissociated 
inside the epithelium (Ashmead, 2001). 
NaFeEDTA has been evaluated in maize porridge(Bovell-Benjamin et al., 1999), rice noodles 
(Kongkachuichai et al., 2007) soy sauce (Watanapaisantrakul et al., 2006) and fish sauce (Garby & 
Areekul, 1974) without causing unacceptable sensory changes. Ferrous bisglycinate has been evaluated 
in food products such as nixtamalized corn masa and fish sauce with similar positive outcomes ((Dary, 
2002b; Watanapaisantrakul et al., 2006).  
2.4.3 In situ fortification  
Point of use or in-situ fortification is the addition of micronutrients to homemade food items at 
the point of distribution or consumption. One of the most successful examples is Sprinkles. Sprinkles are 
single use packets of ready to use micronutrient blend, which are easily added to semisolid infant foods. 
These sachets deliver a high dose of iron (12.5 mg), zinc (5 mg), folic acid (160 μg) vitamin A (300 ug 
retinol equivalents) and vitamin C (30 mg) to prevent and control deficiencies among vulnerable 
populations. Undesirable changes in the sensory properties of the fortified product and adverse 
reactions between vitamins and potential oxidizers are prevented by using coating or encapsulation 
technologies. This alternative fortification strategy has been proved to be a feasible approach to reduce 
IDA and other micronutrient deficiencies (Jack et al., 2012; Rah et al., 2012). 
In countries such as Kenya (Suchdev et al., 2012), Haiti (Menon et al., 2007) and Cambodia (Jack 
et al., 2012).the use of Sprinkles reduced the incidence of IDA and maintained adequate hemoglobin 
levels in children of group ages 6 to 35 months. Sprinkles in combination with other materials were 
distributed in different such as “Infant and young children feeding manuals” in Cambodia, wheat soy 
blend in Haiti and personal use care products in Kenya. In all the interventions the efficacy of Sprinkles 
preventing micronutrient deficiencies alone was lower than when it was combined with other education 
strategies. Sprinkles as a fortification technology is targeted towards children 6 to 24 months; adults, 
 15 
 
older children and pregnant women are excluded from the fortification benefits that sprinkles bring. 
Thus, point-of-use fortification has great potential to cover the gaps that mass food fortification 
approaches could not address.  
2.5 Situation of fortification in Guatemala 
Strategies to combat micronutrient deficiencies started in the 1940’s by the adoption of 
fortification strategies for a wide range of staple products. Iodine salt fortification started between 
1940s and 1950s, and sugar vitamin A fortification during 1970s. Both strategies have been successful in 
reducing the incidence of these deficiencies. These programs have been carefully analyzed and their 
positive impact followed for more than forty years. Moreover, many of these strategies have been 
replicated with other micronutrients (Dary, 2002b).  
Guatemala started the addition of elemental iron to wheat flours in 1940; however due to poor 
bioavailability (Swain et al., 2003) Guatemalan government passed a legislation to change elemental 
iron for ferrous sulfate in 1992. Ferrous sulfate caused undesirable sensory characteristics in wheat 
baked products and the industry switched back to elemental iron (Imhoff-Kunsch et al., 2007). In 2001, 
new legislation in Guatemala decree 144-2001 from the Guatemalan Ministry or Public Health and Social 
Assistance forced companies to use considerably larger quantities of highly bioavailable iron (55 mg 
Fe/Kg of wheat flour using ferrous fumarate) (Guatemalan Ministry of Public Health and Social 
Assistance, 2001). Similar cases have occurred in other countries such as Costa Rica. 
Besides wheat flours, other products such as nixtamalized corn flour (NCF) are fortified in 
Central America. Fortification of NCF was implemented in the 1970s with low success due the use of 
poor bioavailable sources of iron and low consumption of industrialized NCF. In 1999, as an initiative 
from the Costa Rican government (legislation 28086-S 1999) (Dary, 2002b) mandated the private sector 
to fortify NCF with ferrous bisglycinate at levels of 22 mg Fe/Kg NCF. However this decree affected the 
whole Central American region, including Guatemala, since the major supplier of NCF, Grupo Industrial 
Maseca, established this fortification level as customary. Similarly to wheat fortification, ferrous 
bisglycinate in NCF caused undesired sensory changes.  Therefore, distribution of fortified NCF is 
targeted only to supermarket and retail stores rather than manufacturers (Dary, 2002b). 
The Institute of Nutrition for Central America and Panama (INCAP) has conducted acceptability 
and technical feasibility studies for various iron formulations in different staple products. Fortificants 
such as ferrous sulfate, ferrous fumarate, ferrous bisglycinate and NaFe2EDTA were analyzed in 
relationship to wheat flour and NCF. For wheat flour, ferrous fumarate (60 mg/kg) and ferrous 
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bisglycinate (22.5 mg/kg) did not produce undesired changes in flavor, color and viscosity of the dough. 
Ferrous sulfate and NaFeEDTA are not suitable for wheat products. Nixtamalized corn flour fortified with 
ferrous fumarate (30 mg Fe/kg), ferrous bisglycinate (15 mg Fe/kg) and NaFeEDTA (15 mg Fe/kg) did not 
cause undesirable sensory changes on fixed storage conditions (Dary, 2002b). 
Despite all these efforts, IDA is still a problem in rural areas of Guatemala. Only a small fraction 
of the rural population acquires industrially fortified NCF and wheat flour (Dary, 2002b). Daily 
contribution of iron from wheat fortified products is as low as 1.1 mg/day for people living below the 
poverty line (Imhoff-Kunsch et al., 2007). Moreover, low income consumers, such as subsistence 
farmers, are at higher risk of nutrient inadequacy. Rural communities rely heavily on the consumption of 
self-produced goods, out of the scope centralized fortification strategies, excluding them from the 
benefits of fortification (Dunn et al., 2007). 
2.5.1 Effect of poverty on corn consumption and its usage as a vehicle for fortification 
 Corn represents a vital staple for families’ livelihood in Guatemala.  By 1991, corn contributed to 
37% of the total caloric consumption of Guatemalans (INE, 1991). Alarcon and Rivera (1993) reported 
during economic stress periods in Guatemala, families in rural and urban settings maintain an adequate 
dietary intake by adoption of strategies such as reduction of budget shares on health, recreation and 
clothing. However, families in the rural area also rely on modifications of their dietary patterns in order 
to meet caloric needs; with an increase in the consumption of corn and beans, and a decrease of 
consumption of animal products such as dairy and meats (Bressani et al., 1997). This link between 
income inequalities and food consumption deeply restricts access to adequate nutrition to 
Guatemalans. Furthermore, this link portrays the importance of corn in the Guatemalan diet, especially 
in rural areas.  
By 2010, poverty affected 54% of the national population. The poverty line is defined by the 
capacity that families have to afford the basic food basket to meet the caloric needs of an individual. 
Individuals below the poverty line live in extreme poverty while individuals above the line live in non-
extreme poverty but lack sufficient resources to afford other basic goods and services. In rural areas, 
Guatemalans living below the poverty line comprise 21.2% percent of the population. In the 
departments of Zacapa, Chiquimula and Alta Verapaz 35% of the population lives below the poverty line 
(ENCOVI, 2012). A great proportion of families living below the poverty line work in subsistence 
agriculture. These families rely on corn and beans and other self-harvested items from previous seasons. 
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Current economic conditions as well as clear cultural characteristics that promote constant consumption 
of corn makes this staple a suitable vehicle for delivery of micronutrients in the Guatemalan diet. 
The nutritional profile of corn offers advantages for micronutrient fortification compared to 
other grains and legumes. Phytate concentrations are lower compared to wheat which improves iron 
absorption. Average dry base phytate percentage in corn is 250 ± 30 mg/100 g with its highest 
concentration in the germ (Odell et al., 1972). Moreover, processing practices such as thermal exposure, 
alkaline treatment, and grinding reduce phytates concentration in corn (Egli et al., 2002). However other 
studies (Cook et al., 1997) demonstrated no effect of grain type on iron absorption. Corn as a delivery 
vehicle for iron is compatible with ferrous sulfate, ferrous fumarate, ferrous bisglycinate, NaFeEDTA and 
elemental iron (Dary, 2002b). More recent studies suggest the use of more bioavailable sources of iron 
such as NaFeEDTA to increase iron absorption without detrimental sensory characteristics (Hurrell, 
1998).  
2.5.2 Technologies for corn fortification 
Technologies for the fortification of cooked, wet corn kernels have not been evaluated. 
However, dry iron formulations have been successfully added to corn flours (Dunn et al., 2007; Dunn et 
al., 2008) and complementary ingredients to the nixtamalization process. Tovar and colleagues (2005) 
demonstrated the technical feasibility of iron and zinc fortification of corn tortillas through the addition 
of micronutrient mixes to dry lime. Despite the achievement of higher quantities of iron in the masa and 
improved mineral:phytic acid ratios, bioavailability and dispersion of iron remain restricted. Dunn et al 
(2008) showed the viability of iron fortification for nixtamalized masa at industrial levels. Findings 
showed minimal impact in the existing milling process; similarities with unfortified products and 
improved nutritional profile of the product However, the impact of industrial fortification approaches 
remain restricted consumers with economic power to acquire the fortified product. Furthermore in 
developing countries supportive legislation and quality control and assurance is limited, restricting the 
impact of industrial fortification practices (Uauy et al., 2002). 
2.5.3 Extrusion as a fortification technology 
 Extrusion is the physical process in which raw materials, powders or grits, are pushed through a 
die to obtain products with a desired shape (Wang & Ryu, 2013). The treatment of raw materials could 
or not occur in the presence heat. Cold extrusion, involves low temperature, high moisture materials to 
create products such as pasta. Hot extrusion or cooking extrusion uses low moisture, high temperature, 
and small particle size ingredients to generate its final product. Hot extrusion is a continuous, highly 
 18 
 
energy efficient process which brings desirable reactions as well as nutritional improvements to the food 
matrix (Zhao et al., 2011). During the process, heat causes changes such as pre-gelatinization of starches 
(Souza & Andrade, 2002) increased Maillard reaction, increased protein digestibility and changes in the 
aminoacid profile (Singh et al., 2007). 
 Fortified corn extruded products.  
Cooking extrusion has been used to fortify a wide range of products made with grains and 
legumes. Moerira-Araujo et al (2008) used corn, chickpeas, and bovine lung to create a fortified snack to 
combat iron deficiency anemia among schoolchildren in rural Brazil. Asare and collaborators (2012) 
evaluated mixes of grains and legumes to elevate the protein content of extruded snacks. Other 
approaches have included corn starch and the addition of common navy and red beans to create snacks 
with high protein, low phytate, and low trypsin content (Anton et al., 2009). 
 Nutritional considerations.   
Extrusion conditions determine magnitude and severity of the changes in the nutritional profile 
of extruded food matrixes. During extrusion chemical reactions affect the nutritional content of the final 
product. Positive changes in the aminoacid profile, protein digestibility, soluble fiber content, mineral 
bioavailability, and vitamin degradation have been observed in extruded products (Singh et al., 2007). 
 Regarding macronutrients such as protein, during cooking extrusion, protein denaturize; 
improving its digestibility. Additionally, protein enzyme inhibitors in grains and legumes are partially or 
completely inactivated (Singh et al., 2007). Specific aminoacids such as lysine, arginine, histidine, 
aspartic acid and serine present losses during extrusion process. Lysine is highly reactive aminoacid 
prone to sugar binding. Lysine losses are mostly linked to this reaction. Loses in the rest of aminoacids 
include non-enzymatic browning, complete denaturation of the aminoacid during extrusion or a 
combination (Iwe et al., 2001). Micronutrient inhibitors such as phytates and tannins are also reduced 
during cooking extrusion (Alonso et al., 2001). Furthermore, changes in other macronutrients, including 
soluble and insoluble fiber, improve mineral bioavailability (Singh et al., 2007). The addition of extrinsic 
mineral sources to complement the intrinsic iron pool poses a feasible strategy to increase mineral 
content and bioavailability in extruded products  
  
 19 
 
CHAPTER 3: MATERIALS AND METHODS 
 
3.1 Fortified extruded pellet  
3.1.1 Materials and Reagents 
Degermed corn grits were obtained from Bunge Milling (Danville, Illinois). These had 11% 
moisture content and particle size able to pass through a 4/64 inch mesh sieve. Composition of corn 
grits was 79% carbohydrates, 7.5% protein and 0.4% fat (Bunge, St Louis, MO). Brown rice was 
purchased from a local Asian store (Champaign, Illinois); HanKuk Mi brand 25 lb. presentation. Brown 
rice composition was 8% moisture, 77% carbohydrates, 7.5% protein and 2.7% fat (United States 
Department of Agriculture, 2013). Rice particle size was able to pass through a 8/64 inch mesh sieve. 
Food grade anhydrous ferrous sulfate (20% iron, Spectrum Chemical ,Brunswick, NJ), NaFeEDTA 
(13% iron Azko Nobel, Netherlands) and ferrous bisglycinate chelate (20% iron Albion Laboratories, 
Clearfield, UT) were used as iron sources. All materials were maintained in a nonabsorbent 
environment. Iron fortification solutions were made daily with double deionized water. 
3.1.2 Methods  
 Iron solutions 
Ferrous sulfate, ferrous bisglycinate and NaFeEDTA solutions were tested as potential sources of 
iron. Iron formulations solubility, bioavailability and iron content were evaluated before its addition into 
the extrusion process in order to maximize iron delivery; the results are discussed in the following 
section. Iron formulation solutions containing 92.25 mg NaFeEDTA per mL and 150 mg ferrous 
bisglycinate per mL were used as iron sources. Solutions were prepared daily with double deionized 
water.  
 Description of the extrusion process 
Extrusion process was performed using a Welly puffing machine from (S2, Jain Co, South Korea) 
installed in the Food Processing pilot plant at the University of Illinois. Welly puffing machine is shown in 
Appendix. Welly puffing machine used a screw 118.9x33.6 (Lx ⌀, mm) set fixed speed at 120 rpm. Screw 
barrel diameter was 41.2 mm. A circular hole die (3.1 mm) together with a single blade cutter set at 450 
rpm attached at the end of the barrel was used to shape rice:corn pellets. This equipment used an 
external source of heat (propane torch) to initiate the extrusion process; initial die temperature after 45 
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sec of exposure was 115°C. Heating was sustained, however, from the friction created from the 
interaction of the raw materials and the single screw and walls, average die temperature was 153 ±3.1 
°C. Equipment and process parameters are detailed in Table 1. Welly puffing machine manufacturers 
recommended the use of short-grain brown rice to facilitate extrusion process. Originally, the extruder 
was calibrated to use short-grain brown rice to make instant beverages. A trial and error evaluation was 
used to test other raw materials such as long grain white rice, long grain brown rice, short grain brown 
rice, corn meal, soy flour, and corn grits alone or combined. A 1:1 w/w combination of short grain brown 
rice and corn grits was determined adequate to create uniform pellets. Using this combination, the feed 
rate for the extrusion process was 65.63 g mixed material/min.  
 
Table 1. Equipment and processing parameters. 
Parameter Value 
Feed rate (g/min) 65.63 
Temperatures Range (oC) 115-153 
Screw speed (rpm) 120 
Die diameter  (mm) 3.1 
Screw dimensions (Lx ⌀, mm) 118.9x33.6 
Raw materials corn grits:rice (w/w) 1:1 
Water flow (mL/min) 2.0 
 
 Description of the fortification process 
Due to equipment limitations, the only option explored in this study was the addition of 
minerals into an extrusion process before the formation of the extruded product. Solid and fluid delivery 
options were considered, but based on current equipment; liquid delivery was favored for reasons that 
will be discussed in the discussion section.  
Iron fluid delivery was accomplished using a peristaltic mini-pump, (3385-4 Variable-Speed 
Peristaltic Tubing Pump, Friendswood, TX). It used a 3/32”, 2.4 mm flexible tubing which was connected 
directly into feeding end of the extruder. Maximum flow rate speed of 2 mL/min was used to deliver 
iron solutions containing 92.25 mg/mL and 150 mg/mL of NaFeEDTA and ferrous bisglycinate, 
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respectively. Iron formulations were accurately measured in a precision scale (FX300i, A&D; Elk Grove, 
IL). Iron solutions were prepared using double deionized water. Figure 2 displays the extrusion and 
fortification process. 
 
 
3.1.3 Physical and sensory characteristics of fortified pellet 
 Texture analysis of fortified pellet 
Texture changes were measured in a texture analyzer (TA-XTZi; Texture Technologies Corp., NY). 
Single pellet samples were placed in the center of the texture analyzer and fracture force (N) and 
fracture percentage of strain (%) were determined using a guillotine aluminum fitting. 
 Color analysis of fortified pellet 
Color changes were determined using a LabScan colorimeter (HunterLab; Reston, VA). Ground 
samples were placed in open petri dishes at room temperature (28°C) and color parameters measured. 
Color data were compared to non fortified sample. L, a, and b values were collected in triplicate. L-
values can range from 0 to 100 and indicate lightness/darkness. A higher L value corresponds to more 
lightness; a and b values indicate sample’s color; both a and b parameters have no specific numerical 
 
Figure 2. Fortified extruded product manufacturing process. 
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limits. Negative a values describe a sample’s greenness, while a positive values indicate its redness. 
Similarly, negative b values indicate blueness, while positive b values indicate yellowness. 
 Moisture 
 Water content was estimated following AOAC guidelines, method 934.01. Water percentage 
was measured using a Heraterm oven (Thermo Sci, Waltham, MA) and a precision scale (FX300i, A&D; 
Elk Grove, IL). Approximately 15 g of wet sample was dried in at 105°C for 3 h. Measurements were 
conducted at least three times. 
 Pellet size 
 Pellet size was measure using a digital caliper (Flower, Cole-Palmer, Newton, MA). For this, 5 
grams of pellet samples were measured in three dimensions, length, width and height (LxWxH mm) with 
10 subsamples per sample collection.  
3.1.4 Iron analysis of fortified extruded pellet  
 Materials and reagents 
Methanesulfonic acid 15 M, Neocuproine (2,9-dimethyl-l,10-phenanthroline) and Ferrozine (3-
(2-pyridyl)-5,6-diphenyl-l,2,4-triazine-p,p'-disulfonic acid disodium, salt trihydrate) reagent grade were 
obtained from Sigma Aldrich (Saint Louis, MO). Ammonium acetate HPLC grade and sodium hydroxide 
ACS certified were purchased from Fisher Scientific (Fair Lawn, NJ). L-ascorbic acid, reagent grade, and 
iron standards, certified reference material, 1,000 ug/mL ± 3 mg were obtained from Sigma Aldrich. 
Double deionized water was used in all experiments and used as blanks for iron standard curves.  
Chromogen solution for iron determination followed protocol guidelines of Davis et al (1986). 
Chromogen solution was prepared by mixing of 75 mg Ferrozine, 75 mg of Neocuproine in a 40 mL 
conical tubes before the addition of 3 drops of 12 N HCl. After acidification, 25 mL of deionized water 
was added and solution sonicated for 15 minutes. Final solution for spectrophotometric measurement 
was prepared by the addition of 1% ascorbic acid solution (400 μL), saturated ammonium acetate 
solution (400 μL of), 10 N NaOH solution (40 μL) and chromogen solution (100 μL). 
 Description of the iron analysis for fortified extruded pellets 
A colorimetric method based on chromogen solutions (Davis et al., 1986) with slight 
modifications was used to analyze iron content in fortified pellets. Briefly, 2 g of fortified pellets were 
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dried in an oven (Heratherm, Thermo Sci., Waltham, MA) at 103°C for 3 h; then ground and stored in 
individual sample bags. Measurements were conducted at least twice. Dry samples (50 mg) were placed 
in 15 mL conical tubes before the addition of 2 mL of 4M methanesulfonic acid. The mix was incubated 
in a water bath heated at 105°C for 40 min. Upon incubation, samples were allowed to cool down in ice 
for 5 min and centrifuged at 5,000 rpm, for 12 min at 4°C. An aliquot (1 mL) of supernatant was 
transferred to a 2 mL microcentrifuge tube and centrifuged at high speed (12,000 rpm) for 8 min. An 
aliquot (25 μL) was transferred into a separate microcentrifuge tube and 1000 μL of reagents and 
chromogen solution were added. Color was developed by centrifuge force at 12,000 rpm for 8 min and 
measured at 562 nm using a UV/Vis spectrophotometer (Genesys 10S, Thermo Sci., Madison, WI). The 
calibration curve was prepared using atomic iron, which was serially diluted to a concentration ranging 
from 5 to 100 μg Fe/mL. Double deionized water blanks were subtracted from the standard curve and 
sample values. Iron contribution from the fortificants was determined by subtracting intrinsic iron 
content from non fortified pellet. The remaining iron was considered to come from the fortificants 
added. 
3.2 Fortified masa 
3.2.1 Materials 
Yellow corn variety P1184XR from Pioneer and calcium hydroxide food grade (lime) purchased 
from Gourmet Sleuth (Los Gatos, CA). Corn was cleaned and stored in closed 10 kg bags at 4 °C prior to 
its use. All the analysis used double deionized water to prepare sample and rinse equipment prior use. 
Equipment included the following items: for corn cooking and steeping an industrial steam kettle Groen 
model TDA40 40 L capacity, (Elk Grove, IL), was used. For grinding a Meadow Burr mill (6 inch plate 
diameter, 5 hp motor, SM10067-12, Wilkesbore, NC) set at 400 rpm for masa grinding. 
3.2.2 Method 
The method for nixtamalization of yellow corn was based on Lopez (2002) as it is detailed in the 
following figure 3. 
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 Cooking  
Ten kilograms of corn were mixed with a 1% aqueous solution of lime (Ca(OH)2) and cooked in a 
kettle at 115°C for 45 min. The ratio for preparing corn was 1:4 w/w (corn:water). Temperature was 
measured using a standard mercury thermometer. Agitation was done constantly during the cooking. 
 
Figure 3. Corn nixtamalization and fortification process.  
Modified from Lopez (2002). 
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During the first 10 min, the mixture was stirred regularly using a wooden spatula. Manual agitation was 
applied at 20, 30 and 45 min using the same procedure for 20 sec at each time. 
 Steeping and washing 
Lime cooked corn was steeped in the vessel for 10 to 12 h at 28oC. Nejayote, the alkaline 
solution containing hull and dissolved starch, was decanted and discharged from the kettle. Kernel was 
removed from the kettle and washed for 1 min with double deionized water and allowed to rest for 5 
min. 1 kg of washed corn was accurately weighed (CBD16A balance Adam equipment; Danbury; CT) and 
placed onto the Burr mill. Excess deionized water 
 Masa fortification 
Ferrous bisglycinate and NaFeEDTA fortified pellets were added at three levels, 12.5, 25 and 50 
g to 1 kg of nixtamalized corn. Fortified pellets and corn were mixed in a plastic bucket by hand for 30 
sec. 
 Grinding  
Batches (1 kg) of nixtamalized corn kernels with pellets were ground at 400 rpm using a Burr mill  
using a single pass ranging from 30 to 45 sec. A total of 100 mL of double deionized water was added to 
the kernel while it was being milled to guarantee adequate standard masa texture. Added water was 
recovered in the masa. Different amounts of fortified pellet (i.e., 12.5, 25 and 50 g) containing either 
ferrous bisglycinate or NaFeEDTA, were added to 1 kg of masa. Grinding breaks the kernel and creates 
dough like texture. After masa came out of the grinder, it was directly collected in a 2 L sealable plastic 
bag below the grinder exit. Samples were not mixed. 
3.2.3 Iron analysis  
 Materials 
Nitric acid 69% trace metal purity grade was purchased from Fisher Scientific (Fair Lawn, NJ). A 
0.5% solution of nitric acid was used as blank for detection analyses. Iron was detected and quantified 
using a microwave plasma atomic emission spectrometer (4100 MP-AES, Agilent Technologies, Santa 
Clara, CA). MP-AES was calibrated on weekly and monthly bases depending on its usage. Calibration 
procedure used an ICP-OES Wavecal diluted solution (1:10 v/v) as internal standard. Iron standard, CRM 
certified, 1,000 μg/mL ± 3 μg were purchased from Sigma Aldrich (St. Louis, MO) to create an external 
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standard curve. All analyses used double deionized water. All glassware was either washed with acid 
solution previous their use or exchanged for plastic counterparts. 
 
 Description of iron analysis for fortified masa 
Either fortified or non fortified nixtamalized corn samples were collected as they left the wet 
grinder. Samples were collected directly into plastic bags. Each bag was placed horizontally on a table 
and divided left to right into three sections (i.e., top, middle and bottom), representing ground material 
coming out of the grinder (Figure 4). 
 
 
 
Sample preparation for iron determination was based on the protocol of Vreck & Vreck (2012) 
for metals in organic and conventional wheat flours using ICP-MS. Three sub-samples were prepared for 
iron analysis. Each sub-sample consisted of approximately 25 g of wet sample dried in a Heratherm oven 
(Thermo Sci., Waltham, MA) at 105oC for 8 h. Dry samples were ground and a 3 to5 g aliquot was placed 
into a preconditioned crucible and incinerated in a muffle furnace (Thermoline 6000) at 575oC for 24 h. 
Crucibles were cleaned before use with an acid solution Citrajet® for 8 h and heated at 575 oC for at 
least 3 h. Incinerated samples were allowed to cool in a desiccator. An aliquot of ash, between  5 to 8 
 
Figure  4. Dough collection and sampling scheme. 
Figure 3. 
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mg, was accurately weighted into a 15 mL conical tube and matched with a similar volume of 69% nitric 
acid. Samples were boiled in a water bath for 30 min at 105oC in a chemical hood, and then cooled in ice 
for 5 min. Tubes were closed with lids but half a turn was made to alleviate vapor pressure. Each sample 
was homogenized in the vortex for 15 sec. An aliquot was then diluted 1:10 v/v using double deionized 
water for direct injection into an MP-AES. Samples were not filtered before injection. Atomic iron (1 
mg/mL) was used to prepare a calibration curve ranging from 0.001 to 100 μg Fe/mL. Double deionized 
water blank was subtracted from the standard curve and sample values. Iron contribution from the 
fortificants was determined by subtracting intrinsic iron from non fortified masa.  
3.2.4 Physical and sensory characteristics of fortified masa 
Color analysis for masa 
Color changes were determined using a colorimeter (LSXE, HunterLab; Reston, VA). Samples 
were placed in open petri dishes at room temperature (28°C) and measured for eight hours. Color 
changes were measured at intervals of 2 h starting from baseline when sample came out of the grinder. 
Color outcomes were compared to non-fortified sample. L, a, and b values were measured in triplicate. 
L-values range from 0 to 100 and indicate lightness/darkness. A higher L value corresponds to more 
lightness. Color a and b values indicate sample’s color, with both parameters without specific numerical 
limits or units. A negative a value described a sample’s greenness, while positive a values indicated 
redness. Similarly, for the b color scale, negative values indicated blueness, while positive values 
indicated yellowness. For all samples, ∆E values were calculated using the formula [Eq. 1], which 
accounted for total color differences. 
∆   (√∆L 2 ∆a 2 ∆b 2)            [Eq. 1] 
 
 Texture analysis for masa 
Texture changes were measured in a texture analyzer TA-XTZi (Texture Technologies Corp., NY). 
Samples were placed in open petri dishes at room temperature (28°C) for 8 h. Texture changes were 
measured at intervals of 2 h starting from baseline when sample came out of the grinder. Hardness; 
defined as the maximum force required to flatten the masa sample; was measured by placing and 
molding fifteen grams of sample into a cylindrical shape, 22.8 mm diameter and 32.2 mm height to 
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standardize the sample. Sample compression force (N/mm) was analyzed using a 25 mm aluminum 
cylindrical probe. 
3.3 Data analysis 
Statistical analyses were performed using SAS 9.3 for Windows (SAS Institute; Cary, NC, USA). 
ANOVA was used to analyze uniformity of iron concentrations in fortified pellet during the extrusion 
process at exact time points. One way ANOVA was performed to determine changes in iron 
concentration in pellets during extrusion process. Samples were collected at different time points (i.e., 
0.5, 1.5, 2.5, 3.5, 5, 8, 11, 14, 15 and 20 min). If significant differences were detected by ANOVA, post 
hoc, least square difference (LSD) test mean analysis was performed.  The Brown and Forsythe's test was 
performed to assess the variability of iron incorporation into both pellets types and during processing at 
a given sampling time.  
One-way ANOVA was used to determine statistical differences in fortified pellet samples to be 
used in the masa. To find treatment effects due to the fortification level, the type of iron sources, and 
the sample collection scheme (i.e., top, middle, bottom), two-way ANOVA using iron level and collection 
section as factors was conducted to determine treatment differences. If significant differences were 
detected among treatments (LSD test) was used to differentiate group effects. For analyses of color and 
texture outcomes, repeated measures ANOVA was performed to determine treatment effects of iron 
source over time (0, 2, 4, 6 and 8 h). If significant treatment effect were found, LSD honest significant 
difference test was used to differentiate mean effects at a specific time point. Analyses of redistribution 
of iron in corn masa samples fortified with either NaFeEDTA or ferrous bisglycinate were performed 
independently and compared to non fortified masa. Statistical significance was established at P<0.05.  
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CHAPTER 4: RESULTS 
 
4.1 Selection of raw materials for extrusion 
Welly puffing machine manufacturers recommended use of short grain brown rice to facilitate 
extrusion process. Several ingredients were tested (long grain white rice, long grain brown rice, corn 
meal, short grain brown rice and corn grits) alone or at 1:1 w/w proportions with brown rice. All the 
materials, but short grain brown rice alone and a mix of this with corn grits burned inside the extruder 
jacket, completely stopping the manufacturing process (Table 2). The ratios 1:1, 3:2 and 4:1 of these 
materials did not cause burning of the final extruded pellet. Selection of pellet ingredients was based on 
the ability to maintain a constant material flow without causing clogging of the screw. A ratio of 1:1 
materials was chosen to continue experiments.  
 
Table 2. Determination of raw materials suitable for extrusion. 
Material(s) Ratio (weight/weight)  Outcome 
Short grain brown rice 1:0 Constant flow 
Long grain brown rice 1:0 Burned 
Long grain white rice 1:0 Burned 
Corn meal 1:0 Burned 
Corn grits 1:0 Burned 
Short grain brown rice:Corn grits 4:1 Constant flow 
Short grain brown rice:Corn grits 3:2 Constant flow 
Short grain brown rice:Corn grits 1:1 Constant flow 
Short grain brown rice:Corn grits 2:3 Burned 
Short grain brown rice:Corn grits 1:4 Burned 
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4.2 Selection of fortification strategy and iron formulation  
Solid delivery options were disregarded due to materials/iron formulations particle size and 
weight ratios. Brown rice and corn grits have a considerably larger particle size compared to powder iron 
formulations. Furthermore, the weight ratios among the mixing materials were disproportionate, and 
thus, after mixing solid iron formulations with raw materials, the iron sources precipitated at the 
bottom.  
For liquid delivery, iron formulations’ solubility, bioavailability and iron content were evaluated 
before their addition into the extrusion process. Quantities of iron formulation added to the fortified 
pellet were based on RDA coverage considering standard Guatemalan consumption of masa per day 
(Bressani et al., 1997) and recommendations from previous studies regarding sensory characteristics 
(Dary, 2002b). Potential RDA coverage based on fixed quotas of iron delivered in masa are shown in 
Appendix. In this study, formula delivery saturation was a strategy to maximize final iron delivery in 
pellet. Therefore, iron formulation was brought close to saturation point in order to deliver the 
maximum amount of iron. Solutions which showed iron formulation precipitation were disregarded due 
to potential uneven mixing affecting the fortification strategy. Solutions were prepared with deionized 
water, pH 6.89. Table 3 details the results on saturation experiments for water soluble iron formulations 
(i.e., ferrous sulfate, ferrous bisglycinate and NaFeEDTA) tested at 23°C. The ranges showed covered a 
wide spectrum of concentrations, once possible saturation points were established, potential iron 
concentrations were narrowed by evaluating increments of 0.04 mg Fe/g pellet. A solution capable to 
fortify pellet at level of 1 mg Fe/g pellet showed precipitation for both NaFeEDTA and ferrous 
bisglycinate. Ferrous sulfate solution showed formula precipitation at 41 mg/mL, NaFeEDTA 100.9 
mg/mL and ferrous bisglycinate at 158.0 mg/mL. At saturation point, ferrous sulfate solution was 
capable of delivering 15.74 mg Fe/mL, NaFeEDTA delivered 13.11 mg Fe/mL and ferrous bisglycinate 
31.60 mg Fe/mL. Table 3 details iron formulation solubility and its capacity to deliver fixed amounts of 
Fe per g of pellet, expressed as iron levels. Final solutions for both chelated iron sources contained 92.25 
mg NaFeEDTA/mL and 150 mg ferrous bisglycinate/mL.  
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Table 3. Solubility of Fe formulas at different iron levels (mg Fe formula/mL water). 
Targeted 
Fe level 
(µg Fe/ g 
pellet) 
Ferrous sulfate 
(20% Fe) 
NaFeEDTA 
(13% Fe) 
Ferrous bisglycinate 
(20% Fe) 
mg Fe source/mL water 
Concentration Observation1 Concentration Observation Concentration Observation 
0.2 20.5 sol 50.5 sol  32.8 sol 
0.4 41.0 pre 101.0 pre 65.6 sol 
0.6 61.5 pre 151.5 pre 98.4 sol 
0.8 82.0 pre 201.9 pre 131.3 sol 
1.0 102.5 pre 252.4 pre 164.1 pre 
1soluble (sol), precipitated (pre). 
 
4.3 Fortified pellet characteristics 
Pellet dimensions, color, humidity and texture parameters were obtained and compared among 
treatments (Table 4). There were no differences in pellet size (height, width and length) among 
treatments (P>0.05). There were statistical differences in color values. Control samples were lighter than 
fortified ones (L values). Fortified pellets had higher a values (redness) than control (P<0.05). Control 
samples were more yellow (b value) than fortified treatments (P<0.05). Sample moisture (%) after 
processing was not different (P>0.05) among pellet types. Fracture force and fracture strain (%) were 
not different among treatments (P>0.05). Mean breaking force for all treatment was 21.3 N; and mean 
percentage of strain for all treatment was 30.4 %.  
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Table 4. Physical characteristics of fortified pellets. 
 Treatments 
Physical 
Characteristics 
Control NaFeEDTA 
Ferrous 
Bisglycinate 
Dimensions 
Height (mm) 17.07 ± 1.06  16.65 ± 1.05  16.43 ± 1.24  
Width (mm) 11.94 ± 1.54  11.43 ± 0.98  10.89 ± 0.49  
Length (mm) 11.40 ± 1.08  11.32 ± 0.83  10.87 ± 1.05  
Color 
L 75.53 ± 1.07 a 73.95 ± 1.17 a.b 67.18 ± 2.80 b 
a 0.70 ± 0.70 a 1.47 ± 0.28 b 1.36 ± 0.03 b 
b 20.81 ± 1.05 a 19.46 ± 0.60 b 18.13 ± 0.77 c 
Humidity 
Water % 8.35 ± 0.50  9.02 ± 0.25  8.45 ± 0.43  
Texture 
Fracture Force (N) 19.52 ± 3.01  20.95 ± 3.05   23.54 ± 5.84  
Fracture (% Strain) 30.76 ± 7.54  29.72 ± 7.43  30.86 ± 8.03 
    
Data is presented as means (±SD). Different superscripts within the same row represent statistical 
differences (LSD, P<0.05). 
 
4.4 Extrusion process characterization 
Iron concentrations were different only at time point 1.5 min (Table 5. and Figure 5). For both 
fortification treatments, iron content was constant after 15 min of processing. 
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Table 5. Variability of iron concentrations during extrusion process. 
 
Iron Source 
 
NaFeEDTA Ferrous Bisglycinate 
Process 
Time (min) 
Mean 
SD %CV 
Mean  
SD %CV 
(mg/g pellet)  (mg/ g pellet) 
0.5 0.18 a 0.13 70.12 0.36 a 0.19 52.74 
1.5 1.44 b 2.61 181.39 4.44 b 6.05 136.13 
2.5 0.28 a 0.02 8.58 0.67 a 0.11 15.9 
3.5 0.31 a 0.01 4.48 1.20 a 1.12 93.46 
5 0.36 a 0.17 46.26 0.95 a 0.34 36.29 
8 0.25 a 0.14 56.47 0.77 a 0.14 18.48 
11 0.28 a 0.04 15.94 0.71 a 0.10 13.61 
14 0.31 a 0.06 20.85 0.68 a 0.11 16.48 
15 0.31 a 0.03 8.39 0.70 a 0.03 4.09 
20 0.30 a 0.01 4.37 0.66 a 0.01 1.3 
Different superscripts within the same column represent statistical differences after mean comparisons 
(LSD, P<0.05).  
 
 
 
Figure 5. Changes in iron content of fortified pellets during extrusion over time. 
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4.5 Iron recovery in fortified pellet 
Iron recovery in pellets fortified with NaFeEDTA and ferrous bisglycinate was 85.7 and 71.5%, 
respectively (Table 6).  
 
Table 6. Iron recovery (%) in fortified pellets after extrusion processing. 
Iron 
formulation 
Fe 
% 
Fe Solution  
(mg source/mL) 
Fe Infusion 
rate 
(mg/min) 
Theoretical  
(mg Fe/g pellet) 
Observed  
(mg Fe/g pellet) 
Recovery 
(%) 
NaFeEDTA 13 92.3 23.9 0.37 0.31 85.7 
Ferrous 
Bisglycinate 
20 150.0 60.0 0.91 0.65 71.5 
 
4.6 Iron redistribution in fortified masa 
Iron concentrations were quantified for fortified and non fortified nixtamalized corn masa 
samples. Non fortified nixtamalized masa served as a baseline to determine intrinsic iron content. 
Intrinsic iron level was 26.7 ± 4.3 mg Fe per kg dry masa. Baseline value was subtracted from iron 
concentrations to determine added iron.  
 Iron concentrations and redistribution were analyzed within each individual sample (batch) to 
determine effects of the combination of mixing in the bucket and after wet grinding as proposed in the 
sample collection scheme (Figure 4). Based on the iron content of pellets (Table 5), these fortification 
levels had expected levels of iron in masa (Table 7). Table 8 details iron concentrations for all treatments 
and for each collected section. Iron concentrations are representative for each masa section and 
fortification level. As expected, there were no differences (P>0.05) in iron concentrations among 
sections for non fortified masa control. 
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Table 7. Expected iron content in fortified masa (mg Fe /kg masa d.b.). 
  
Fortification level1  
(g pellet/kg nixtamalized corn) 
Iron formulation 
Iron content 
(mg Fe/g pellet) 
12.5 25 50 
NaFeEDTA 0.32 7.1 14.2 28.3 
Ferrous Bisglycinate 0.66 14.5 29.1 58.1 
1 Fortification levels targeted 1 kg wet masa. Values were corrected for sample moisture content and 
total fortified iron was reported on dry base (d.b.). 
 
Due to variability in the results, reciprocal transformation was performed. For NaFeEDTA 
treatment, two-way ANOVA analysis showed significant effect on fortification levels (P<0.05) and the 
interaction between fortification level and sample collection section (P<0.03) but no effect on collection 
section alone (P>0.05). For ferrous bisglycinate treatment, factors samples the only significant effect 
found was due to fortification levels (P<0.05). 
Coefficients of variation were excessively high, ranging from 1.84 to 87.28, for samples collected 
using the sampling scheme proposed (Figure 4). Masa samples fortified with NaFeEDTA pellets showed 
higher variability and were farther from the expected levels than those fortified with ferrous bisglycinate 
pellets. Nonetheless, the following comparisons were possible. For NaFeEDTA samples at the 12.5 g/kg 
fortification level, iron content in masa was similar among sections. At the 25 g/kg level, iron content 
was 31.6 ± 11.0 mg Fe/kg masa, with erratic iron concentrations in different sections. At the 50 g/kg 
level, NaFeEDTA fortified masa samples had an average of 37.5 ± 5.4 mg Fe/kg masa, and with higher 
iron concentrations in the top and center section. 
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Table 8. Iron redistribution (per collected section) in nixtamalized corn masa after leaving Burr mill. 
   
Iron (mg/kg corn masa d.b.) 
  
 Top   Center    Bottom   
Treatment  
Pellet 
Batch 
Mean  C.V.   Mean  C.V.   Mean C.V.   
(g/kg)                   
Control  
0 A 27.01 26.71 a 27.25 12.74 a 28.60 6.42 a 
0 B 26.99 3.22 a 21.45 5.09 a 27.23 24.71 a 
   
                  
NaFeEDTA 
12.5 A 26.59 3.27 a 23.37 1.79 a 20.94 3.46 a 
12.5 B 24.79 3.23 a 23.98 5.91 a 20.84 5.01 a 
25 A 25.62 9.66 a 24.61 5.03 a 36.00 22.40 b 
25 B 40.83 58.42 a 33.64 14.32 a 18.26 87.28 a 
50 A 43.88 6.59 a 40.25 5.91 a 34.04 3.44 b 
50 B 36.58 6.93 a 40.85 7.07 a 29.28 8.28 b 
   
                  
Ferrous 
Bisglycinate 
12.5 A 36.09 15.61 a 29.21 13.37 a 25.54 15.19 a 
12.5 B 26.16 1.84 a 28.88 15.31 b 36.59 8.34 b 
25 A 35.97 3.28 a 39.36 12.75 a 37.56 8.03 a 
25 B 37.69 4.51 a 41.80 7.06 a 36.07 8.88 a 
50 A 73.35 3.24 a 60.18 13.23 b 40.36 5.00 c 
50 B 63.11 21.42 a 65.15 6.42 a 55.36 20.56 b 
Data is presented as means. Different superscripts within the same row represent statistical differences 
after mean comparison of sections (top, middle bottom) in each fortification level 0 (LSD, P<0.05).  
 
For samples fortified with ferrous bisglycinate, there were no differences among sections at any 
level. The highest fortification level (50 g/kg) showed a tendency to higher iron concentrations at the 
top section. Average iron concentration for the 12.5, 25, and 50 g/kg levels were 30.4 ± 5.6, 38.1 ± 3.3, 
and 59.6 ± 12.5 mg Fe/kg masa, respectively. To simplify information presented in Table 8, Table 9 
details the final iron concentrations for all iron sources, for each level and across sections. 
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Table 9. Redistribution of iron (mg/kg) in nixtamalized corn masa (db). 
Treatment 
Pellet 
(g/kg) 
Total expected 
(mg Fe /kg masa) 
Mean  SD %CV 
Control  0 - 26.7 a 4.3 17.2 
       
NaFeEDTA 12.5 33.76 23.4 a 2.2 9.6 
 
25 40.85 29.8 a 13.0 43.8 
 
50 55.01 37.5 b 5.4 14.3 
       
Ferrous Bisglycinate 12.5 41.21 30.4 a 5.6 18.4 
 
25 55.74 38.1 b 3.3 8.7 
 
50 84.79 59.6 c 12.5 21.0 
Data is presented as means. Different superscripts within the same column represent statistical 
differences after mean comparisons (Tukey, P<0.05).  
  
4.7 Iron recovery masa 
 Expected and measured values for iron recoveries (%) in fortified masa are shown in Figure 6. At 
level 12.5 g pellet/kg masa iron recoveries for NaFeEDTA masa were 0; high variability within the sample 
masked the addition of iron at this level However, as iron fortification level increased to 25 and 50 g 
pellet/kg masa, recovery values increased in NaFeEDTA fortified masa. A recovery of 25.7% was 
observed for ferrous bisglycinate at fortification level 12.5 g pellet /kg masa. At higher fortification levels 
iron content of the sample increased. The recovery value for 50 g/kg masa level was the highest (56.6%). 
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4.8 Color changes of fortified masa 
Color changes were measured at intervals of 2 h for a total of 8 h, starting from baseline when 
sample came out of the grinder. Wet masa color values (i.e., L, a, b) for all treatments were measured in 
petri dishes. Regardless of the pellet type, iron fortification led to changes in all color parameters of 
masa when comparing each treatment against control (Table 10, 11, 12; P<0.05).  
Fortified masa samples showed reduced L values. Repeated measures ANOVA showed the 
significant factors effect, but not the interaction, of both fortification level and time on lightness for 
NaFeEDTA and ferrous bisglycinate fortified masa samples (P<0.01).The higher the fortification level the 
lower the L value; with Pearson correlation coefficients of -0.90 and -0.81 for NaFeEDTA and ferrous 
bisglycinate, respectively. 
All masa samples had positive a values (redness). Repeated measures ANOVA showed the 
significant factors effect of both fortification level and time on a values (toward green) for NaFeEDTA 
and ferrous bisglycinate fortified masa samples (P<0.01) (Table 11 and Figure 7, 8). Similarly, the higher 
the fortification level the lower the a value; with Pearson correlation coefficients of -0.82 and -0.81 
 
Figure 6. Iron recovery in fortified corn masa. 
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(P<0.05) for NaFeEDTA and ferrous bisglycinate, respectively.  There was an interaction between time 
and fortification level for masa fortified with NaFeEDTA at 25 and 50 g/ kg NC only (P<0.04). 
Similar trends were observed for b color scale. These values were positive for all treatment 
indicating yellow hues. Addition of iron to masa decreased (towards blue) b values. Repeated measures 
ANOVA showed the significant factors effect of both fortification level and time, but no their interaction, 
on b values for NaFeEDTA and ferrous bisglycinate fortified masa samples (P<0.01). The higher the 
fortification level the lower b value; with Pearson correlation coefficients of -0.90 and -0.87 (P<0.05) for 
NaFeEDTA and ferrous bisglycinate, respectively. 
Total color differences were determined for each sample at a specific time. Total color 
differences are expressed in ∆E values; this value compares changes in L, a and b scales versus control 
(in this case each treatment at 0 h). Nonetheless, ∆E values don’t explain which parameter(s) affect ∆E 
values, which in some cases mislead interpretation of results, especially in the absence of tolerance 
values. Thus, results were included only in the Appendix. 
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Table 10. Color differences (L value) over time. 
  
L 
Treatment 
Pellet  0 
 
4 
 
8 
 
(g/kg)  Mean SD   Mean SD   Mean SD   
Control 0 70.45 0.46 a 69.86 1.13 ab 69.47 0.32 b 
NaFeEDTA 
12.5 67.51 0.83 c 66.58 1.00 cd 65.68 1.12 d 
25 65.64 0.51 de 64.77 1.14 ef 64.61 0.60 f 
50 63.62 0.49 g 62.50 0.44 h 62.27 1.18 h 
Control 0 70.45 0.46 a 69.86 1.13 a 69.47 0.32 a 
Ferrous 
Bisglycinate 
12.5 66.50 0.88 b 65.58 1.14 bc 64.47 0.65 d 
25 66.46 0.88 b 64.67 1.21 cd 64.71 0.96 cd 
50 64.46 0.74 d 62.99 0.87 e 62.77 0.76 e 
Data is presented as means (±SD). Different superscripts within the same column represent statistical 
differences after mean comparisons within each iron source (Tukey, P<0.05).  
 
Table 11. Color differences (a value) over time. 
  
a 
Treatment 
Pellet  0 
 
4 
 
8 
 
(g/kg)  Mean SD   Mean SD   Mean SD   
Control 0 5.44 0.35 a 5.33 0.48 ab 5.59 0.34 a 
NaFeEDTA 
12.5 4.93 0.33 b 4.49 0.62 c 4.42 0.22 c 
25 4.19 0.35 c 3.52 0.19 d 3.42 0.14 de 
50 4.07 0.29 c 3.26 0.34 de 3.06 0.37 e 
Control 0 5.44 0.35 a 5.33 0.48 a 5.59 0.34 a 
Ferrous Bisglycinate 
12.5 4.29 0.34 b 3.95 0.43 b 3.89 0.18 c 
25 3.78 0.39 cd 3.52 0.31 def 3.32 0.28 fe 
50 3.59 0.15 cde 3.17 0.12 fg 2.92 0.23 g 
Data is presented as means (±SD). Different superscripts within the same column represent statistical 
differences after mean comparisons within each iron source (Tukey, P<0.05).  
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Table 12. Color differences (b value) over time. 
  
b 
Treatment 
Pellet  0 
 
4 
 
8 
 
(g/kg)  Mean SD   Mean SD   Mean SD   
Control 0 38.74 0.94 a 37.85 1.67 ab 37.16 1.14 b 
NaFeEDTA 
12.5 35.86 0.97 c 34.70 1.53 c 33.21 1.08 d 
25 33.41 0.96 d 31.89 0.80 ef 31.93 0.83 ef 
50 32.89 0.96 de 30.84 0.72 fg 30.30 0.94 g 
Control 0 38.74 0.94 a 37.85 1.67 ab 37.16 1.14 b 
Ferrous Bisglycinate 
12.5 34.09 0.55 c 33.62 0.74 c 32.37 0.76 d 
25 33.34 1.64 d 32.11 0.52 ef 31.55 0.93 ef 
50 32.06 0.91 de 31.30 0.52 fg 30.05 0.81 g 
Data is presented as means (±SD). Different superscripts within the same column represent statistical 
differences after mean comparisons within each iron source (Tukey, P<0.05).  
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Figure 7. Color changes (L, a, b values) of NaFeEDTA fortified masa over an 8 h period. 
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Figure 8. Color changes (L, a, b values) of ferrous bisglycinate fortified masa over an 8 h period. 
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4.9 Texture changes of fortified masa 
Texture changes were measured at intervals of 2 hours starting from baseline. Compression 
force expressed as N/mm was recorded for each of the samples and means (±SD) are presented in Table 
13. For NaFeEDTA fortified masa, repeated measures ANOVA showed significant factors effect of both 
fortification level and time, but no their interaction, on compression force (P<0.01). For ferrous 
bisglycinate fortified masa, repeated measures ANOVA showed significant factors effect of both 
fortification level and time, and their interaction, on compression force (P<0.01). Masa hardness for all 
treatment levels increased as time passed (P<0.01) (Figure 9 and 10).  Increased iron fortification 
resulted in higher compression forces for NaFeEDTA fortified masa compared to non fortified control 
(P<0.05). This dose dependent effect was not observed in ferrous bisglycinate fortified masa.  
 
Table 13. Differences in compression force over time. 
  
Compression force (N/mm) 
Treatment 
Level  0   4   8   
(g/kg)  Mean SD   Mean SD   Mean SD   
Control 0 61.83 1.07 a 88.23 1.05 d 101.78 1.17 f 
NaFeEDTA 
12.5 61.15 0.80 a 89.57 1.86 de 110.21 0.62 h 
25 71.41 1.00 b 91.35 0.31 e 116.46 1.68 i 
50 79.24 0.71 c 105.43 0.76 g 122.60 1.49 j 
Control 0 61.83 1.07 a 88.23 1.05 c 101.78 1.17 e 
Ferrous 
Bisglycinate 
12.5 73.30 0.64 b 90.64 0.53 d 107.13 2.02 f 
25 74.95 3.50 b 90.57 2.60 d 109.84 0.55 f 
50 75.17 1.88 b 102.70 0.64 e 108.85 0.57 f 
Data is presented as means (±SD). Different superscripts within the same column represent statistical 
differences after mean comparisons within each iron source (Tukey, P<0.05).  
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Figure 9. Texture changes of NaFeEDTA fortified masa over an 8 h period.  
 
 
Figure 10. Texture changes of ferrous bisglycinate fortified masa over an 8 h period.  
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CHAPTER 5:  DISCUSSION 
 
This research work was aimed at finding a simple strategy to incorporate micronutrients into the 
food supply of rural populations in Guatemala. During a research field trip to Guatemala in the summer 
of 2012, our group observed that the most consumed food in the rural areas was tortillas created from 
nixtamalized corn masa. This masa was instead made from nixtamalized corn that has been ground wet 
in local milling facilities. Families, mostly women, grind enough nixtamalized corn every morning in 
these milling facilities to last for at least two meal times (8-h period). According to conversations with 
women in several communities, preparing tortillas is a daily activity, one that is cherished among 
women. Uauy et al (2002) described the need for systematic considerations regarding food consumption 
as a key aspect for fortification programs success. It was evident then that any fortification technology 
that can use tortillas made with self-harvested corn as a vehicle may have a positive impact in the iron 
status of these populations. In the following discussion, the author is arguing the use of super-fortified 
extruded pellets to mix with nixtamalized wet corn at the point of milling, and therefore increase 
micronutrients consumed from tortillas. 
 
5.1 Process parameters affecting physical characteristics of the fortified pellet 
The first step in developing this point of fortification technology was the establishment of an 
extrusion and mixing process capable of incorporating iron into an extruded product. For this, the 
author used a Welly puffing extruder (Appendix). This equipment uses an external source of heat 
(propane torch) to initiate the extrusion process. Heating is sustained, however, from the friction 
created from the interaction of the raw materials and the single screw and barrel walls. This is the main 
effect on transformation of raw materials into puffed products. Material particle size and feed rate 
establishes specific friction coefficients and screw temperatures depending on the materials. A coarse 
particle size was needed to create enough friction to facilitate the process. In this study, we tested 
several materials, but in the end we took into consideration the manufacturer’s recommendation of 
short-grain brown rice to facilitate extrusion and the use of corn grits as a raw material. This was based 
on empirical testing using different ratios of rice and corn and different feeding rates. If the feeding rate 
is increased, higher than 65.63 g raw material per min, extreme temperatures may cause burning of the 
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product inside the screw collapsing the process and damaging the screw. The Welly puffer does not have 
a screw temperature controller. However, other extruder types with a heating jacket around the barrel 
or screw(s) would allow for use of materials of smaller particle sizes. We empirically observed that as 
particle size decreased the screw temperature increased causing burning of the final product.  
Beyond particle size, other chemical properties of raw materials can influence extrusion process 
including the amount of protein, fiber and complex carbohydrate profile (Singh et al., 2007). For 
example, brown rice composition is unique compared to the rest of raw materials used as it has higher 
percentage of fiber, around 3.3% compared to the average 0.4% for rest of raw materials (Lee et al., 
2008; United States Department of Agriculture, 2013). Higher amounts of fiber increase extruder torque 
and die pressure, which instead improves axial mixing and material flow (Jin et al., 1994). Higher 
amounts of fiber also increase material resistance to temperature, preventing burning of the final 
product (Jing & Chi, 2013). This was observed during experimentation, as amounts of fiber containing 
ingredients increased the more stable the extrusion process became (Table 2). At mild and moderate 
temperature extrusion (161-180°C), fiber does not suffer any significant changes in its composition. At 
higher extrusion temperature conditions (>200°C), a slight increase in fiber content is observed, mainly 
due to glucan formation and agglomeration of temperature resistant fractions (Singh et al., 2007). 
Therefore, increasing fiber content adds stability to the extrusion process preventing excessive 
temperatures and burning of the final pellet. 
Flavor of fortified pellet was also a consideration in the selection of raw materials. As the pellet 
was intended to be mixed with nixtamalized corn, we selected corn as a raw material to reduce any 
potential flavor problem. Also, corn is a less expensive option and is readily available in local 
Guatemalan markets compared to other raw materials. Upon evaluation of corn grits, we found that 
extruding it alone resulted in increased temperature and burning of material inside the screw. Corn 
starch composition may not be optimal for extrusion. The amylose to amylopectin content in starch 
composition may not be optimal for extrusion. The amylose to amylopectin content in starch affects 
extrusion temperature and gel formation (Chinnaswamy & Hanna, 1988; Singh et al., 2007). Low 
amylose content generates lower mechanical work, which is expressed in lower torque and die pressure 
values (Chaudhary et al., 2008). Decreased mechanical work results in lower axial mixing, slower screw 
torque, longer retention times (Chaudhary et al., 2008) and potential burning of the raw material (Table 
2). On the contrary, amylopectin branched structure confers resistance to high temperatures and adds 
desired characteristics to pellet, such as an adequate expansion rate (Chinnaswamy & Hanna, 1988). We 
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found that lower ratios of brown rice to corn grits (i.e., 2:3 and 1:4 w:w) caused burning of the final 
extruded pellet (Table 2). Brown rice amylopectin content is higher than in the rest materials (Sun et al, 
2011). Therefore, fiber and amylopectin content may cause faster motion of material through the screw 
during extrusion process, keeping adequate axial mixing and temperature levels, and thus, facilitating 
the process. This is confirmed with our data in which lower amylopectin and fiber content resulted in 
inadequate extrusion performance. 
Although we found the use of brown rice optimal for this process, it is not extensively consumed 
in Guatemala. Thus finding alternative raw materials with similar physico-chemical properties to short 
grain brown rice may be necessary to guarantee a stable extrusion process, reduce operational costs, 
prevent shortages of raw materials and improve process scalability and technology adoption.  
5.1.2 Iron delivery strategy and formulation type 
Once a standardized pellet was created, the next step was to incorporate a high concentration 
of iron into the pellet. There are several strategies to add micronutrients into extruded products such as 
barrel-screw mixing, coating after extrusion (Peil et al., 1982) and blending previous extrusion (Pinkaew 
et al., 2012). Several studies (Q. Y. Li et al., 2008; Moretti et al., 2005; Paraman et al., 2012; Pinkaew et 
al., 2012) described a method to incorporate powder mixtures by blending materials previous extrusion. 
This strategy was feasible considering similarities in particle size between materials, such as rice flour 
and micronutrient premix. Other strategies such as the use of gums to coat raw materials previous or 
post extrusion may overcome the problem of particle size and improve solid iron delivery and 
incorporation within staple products as reported by Peil et al (1982). Nonetheless, mixing of powder iron 
formulations and coarse ingredients was a concern for us. Due to the particle size, mixing ratios of raw 
materials and available iron formulations, these strategies were disregarded and we opted for a fluid 
delivery strategy.  
There are several iron formulations in the market. The selection of chelated, water soluble 
compounds was based on their high bioavailability in the presence of inhibitors, dialyzability and 
solubility properties (Garcia-Casal & Layrisse, 2001; Kapsokefalou et al., 2007). Ferrous sulfate, ferrous 
lactate, ferric gluconate and ferric ammonium citrate formulas have been successfully used for 
fortification purposes (Allen et al., 2006). However, ferrous sulfate has been by far the preferred choice 
for products containing corn derivatives due to its low cost and high bioavailability. The applicability of 
any of the non-chelated sources of iron in the Guatemalan context is limited due to diet composition, 
which includes high concentrations of inhibitors such as phytates, tannins and phenolic compounds 
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(Davidsson et al., 2002). For this reason, chelated iron sources such as NaFeEDTA and ferrous 
bisglycinate were selected and evaluated. Another consideration for the iron selection was their 
potential sensory effects. Some supporting evidence has shown the use of ferrous bisglycinate (15 mg 
Fe/kg) and NaFeEDTA (15 mg Fe/kg) in nixtamalized corn masa did not cause undesirable sensory 
changes within storage conditions (Dary, 2002b). 
Solubility of iron sources was limited, and thus, resulting in a limited amount of iron amenable 
for incorporation into pellets. To maximize iron delivery, we selected the highest formulation 
concentrations before they reach saturation point at room temperature. This was 92.25 mg/mL and 150 
mg/mL for NaFeEDTA and ferrous bisglycinate, respectively. Using a peristaltic pump, these solutions 
were pumped directly into the extrusion process, right at the start of the screw (Figure 2). A trial and 
error process allowed for identification of best solution flow rates. The two criteria used to select the 
best flow were: a) maximizing the shape of pellet leaving the extruder, and b) reducing solution dripping 
from the extruder. The best flow rate was 2 mL/minute. Considering the iron solution flow rates and raw 
material feeding rates, uniform pellets containing iron at 323 and 660 µg/g of pellet for NaFeEDTA and 
ferrous bisglycinate, respectively, were obtained. 
5.2 Characterization of the iron fortification process using extrusion  
 As expected, iron concentrations in extruded pellets varied initially until they stabilized. Iron 
concentrations stabilized after 1.5 minutes of processing and remained constant throughout the 
process. The spike in iron concentrations early on may be due to the discontinuous physical mixing 
within the extruder’s screw, which normally happens after iron solution is added. The process reached 
adequate stability after 15 minutes of continuous processing as confirmed by the reduction in iron 
concentration variability for both pellet types thereafter. There is limited literature evaluating iron 
stabilization in barrel-screw mixing process. In some studies that used extrusion (Q. Y. Li et al., 2008; 
Moretti et al., 2005; Paraman et al., 2012; Pinkaew et al., 2012) materials and micronutrient premixes 
were mixed previous processing. Therefore, iron redistribution in the final product depended on the 
type of mixer and time previous extrusion, rather than on the mixing effect exerted by the extruder.  
Uniform iron distribution within the pellet is important to maximize its redistribution upon 
mixing with nixtamalized corn and also to support product safety. The increased variability of iron 
concentrations higher than 10% may have potential detrimental effects on iron redistribution within the 
masa. For this reason, a coefficient of variation lower than 10% was selected as a parameter for 
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redistribution, and as a result, only pellets from this time point and on were collected for subsequent 
studies. 
Although we achieved a standard extrusion process that results in a uniform, fortified iron 
product, there were several issues that require attention. Iron recoveries (i.e., 85.7% for NaFeEDTA and 
71.5% for ferrous bisglycinate) from expected amounts were below targeted values (i.e., 90%), but with 
potential for improvement. Lower recoveries may be due to a) leakages of iron solutions out of the 
system, b) precipitation of iron formulation from solution at the start of the screw, and c) precipitation 
and aggregation of iron formulations with other food materials in the screw and jacket walls. The first 
option could be discarded as no visible leakages of iron formulations were observed. However, the 
accumulation of a red powder was observed and remained attached to the screw after extrusion 
regardless of the iron source. This iron remnant within the system may be due to the capacity of the 
organic mineral iron formulas to stand hihg temperatures such as the ones present in our extrusion 
process (i.e., 115 to 153oC). Ferrous bisglycinate is heat-stable to temperatures below 220°C (EFSA, 
2006) However, it is recommended to keep processing temperatures for ferrous bisglycinate containing 
food products below 153°C due to the presence of other labile materials in the commercial mixture 
(Paraman et al., 2012; Pinkaew et al., 2012) NaFeEDTA is also heat stable at temperatures below 259°C. 
At this temperature, there is loss of a structural CO2 molecule which acts as a carboxylate arm of the 
EDTA chelating agent. Processing recommendations due to water molecules removal is below 129°C 
(Szilágyi et al., 2008). It is recommended to keep processing temperatures for NaFeEDTA containing 
foods bellow 129°C due to the lack of interaction with water molecules. Therefore, optimization of 
water content and temperature throughout the extrusion process can result in increased iron recovery 
in the final product. 
Use of chelated iron sources in hot extrusion applications has not been well studied. Several 
studies evaluated inorganic iron salts for their use in middle temperature (Paraman et al., 2012; Pinkaew 
et al., 2012) and cold (Moretti et al., 2005) extrusion processes. Pinkaew and collaborators (2012) used a 
micronutrient mix containing zinc oxides, micronized ground ferric pyrophosphate and retinyl palmitate. 
There were no reported mineral loses, however there was a reduction of retinyl palmitate after 
extrusion due to heat exposure. Similar results for mineral retention were found in studies by Paraman 
et al (2012). Mineral losses were almost absent due to the nature of the micronutrient formulation. 
Inorganic iron salts differs greatly from chelated compounds in terms of bioavailability and applicability 
in food matrixes, including extruded products. No direct correlations could be drawn between chelated 
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iron formulas and inorganic iron salts in terms of recovery since both compounds may behave in 
different ways during hot extrusion. Evidence evaluating chelated iron sources at high extrusion 
temperatures was scarce, suggesting the need for more studies addressing hot extrusion and its effect 
on chelated iron formulations.  
5.3 Incorporation of iron fortified pellets into nixtamalized corn 
According to Batal et al (2010) iron concentrations for yellow corn (around 12% moisture 
content) for different regions in the US ranged from 18 to 36 Fe mg per kg. Similar studies found average 
iron concentrations of 27±0.4 mg Fe per kg dry nixtamalized masa (Krause et al., 1993) and 29 mg Fe per 
kg dry nixtamalized corn flour (Dary, 2002b). In this study, iron content of corn was only determined in 
masa. The average iron content found in non fortified masa samples was 26.7 ± 4.3 mg Fe per kg dry 
masa. This intrinsic iron concentration in corn masa and its inherent variability (~16%) influenced our 
capability to differentiating the effect of fortification level on the baseline. The expected amounts of 
iron delivered from the different fortification levels ranged from 7.08 to 28.33 mg of Fe/kg masa from 
NaFeEDTA pellets and 14.53 to 58.11 mg of Fe from ferrous bisglycinate pellets. 
The high content of intrinsic iron and its variability in corn masked the effect of iron fortification 
with NaFeEDTA at the lowest fortification level (7.08 mg Fe/kg masa). Although iron was added to this 
mix, this study did not have enough statistical power to find differences as small as 7 mg of additional 
iron. Finding a difference as small as 7 mg with the observed mean (27 mg Fe) and SD (4.3 mg Fe) would 
have required over 6 samples (batches); this assuming to reach a power of 80%, an alpha of 0.05, and 
complete iron distribution in the tested samples. Similarly, the poor distribution of iron in the corn 
added to the high variability of iron in the control could have masked fortification effects for the masa 
fortified with the lowest level of ferrous bisglycinate. 
5.3.1 Effect of fortification levels on iron recovery and redistribution 
Grinding breaks the kernel creating dough like texture. Grinding process parameters directly 
affect masa texture. The space between the grinding stones must be the smallest possible to guarantee 
finer masa (Lopez, 2002). In this experiment, the space between the discs was the minimal before discs 
surfaces rub. The Burr mill used to grind the nixtamalized corn is not the same equipment used for wet 
grinding in North or Central America. Nevertheless, masa characteristics such as humidity and particle 
size were similar to the masa observed in field conditions. During grinding, the mechanical forces may 
help in the dispersion of iron fixed in the fortified pellet within the final masa matrix. However, most of 
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this dispersion was expected to occur initially after mixing the pellet with steeped corn in a bucket 
before grinding. In spite of our assumptions, the consistent redistribution of iron using our fortification 
strategy was poorly achieved. The variability of distribution was higher than 300% for certain levels and 
formulations.  
Iron solubility may contribute to poor redistribution. Despite their high solubility in aqueous media, iron 
formulations have been evaluated at low to neutral pH conditions, with lack of reports evaluating their 
solubility in alkaline pH similar to nixtamalization conditions (Garcia-Casal & Layrisse, 2001). There may 
be a direct effect on solubility due to the alkaline pH of the masa that restricts iron redistribution before 
and after grinding. In this experiment we do not know if this effect occurred and if so, if it started at 
direct contact with nixtamalized corn before grinding or during grinding.  
In order to favor Fe redistribution, the amount of pellet to corn ratio was high. Similar studies 
using iron ultrafortified products mixed rice extruded pellets with regular rice at 1:100 and 1:200 w/w 
and reported high iron recovery and redistribution (Moretti et al., 2005). The ratios used in this study 
were 1:20, 1:40 and 1:80. Thus, it was expected that the redistribution of iron would have been uniform 
and any collection of samples coming from the grinder would have yields similar iron concentrations. 
Reaching higher proportion of fortified pellets in the final product was not pursued because of potential 
effect on sensory characteristics.  
Pellet density may have an effect on iron redistribution. Previous studies with ultrarice (Q. Y. Li 
et al., 2008; Moretti et al., 2005; Pinkaew et al., 2012) have used rice extruded products with similar 
densities to natural rice grains; promoting uniform redistribution in the target food matrix. The fortified 
pellet developed in this experiment had lower density compared to nixtamalized corn. Although it was 
expected that mixing in the bucket would lead to uniform dispersion of pellets among corn kernels, this 
was not measured objectively (i.e. color, sampling, etc.). Increasing density and reduction of pellet size, 
close to that of corn kernels, could improve Fe distribution and recovery. 
The selected preparation/mixing method may also account for reduced iron dispersion. 
Preparation of food samples in the study published by Moretti et al (2005) is far different from the 
nixtamalization process presented herein. Rice is boiled in excess of water and for longer periods (>15 
min), which may improve iron formula redistribution within the food matrix. The addition of water helps 
chelated iron formulas to move freely within the food matrix, increasing their dispersion. Limited free 
water during processing and low moisture in final product may affect redistribution of iron. Nixtamalized 
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corn is drained before grinding and water addition is only about 10% during grinding. Thus, reduced 
water availability compared to the amounts used in fortification technologies using rice (Q. Y. Li et al., 
2008; Moretti et al., 2005; Pinkaew et al., 2012) and other corn based foods (Bovell-Benjamin et al., 
1999) may affect iron redistribution in masa. 
Fortification technologies, such as Ultrarice, have shown high iron retention levels (Q. Y. Li et al., 
2008). Li et al (2011) reported retention levels higher than 90% after incorporating NaFeEDTA (15 mg 
Fe/kg) in combination with B vitamins in fortified rice. The distribution of micronutrients in the final rice 
product, however, was not reported. This high recovery may be due to binding and setting agents 
reportedly used in these technologies (Mishra et al., 2012) and it was not affected by thermal processing 
(boiling) and in some cases washing (Lee et al, 2000). There are limited reports on mineral or vitamin 
redistribution from ultra-fortified pellets within food matrixes or similar technologies applied to other 
staples.  
Poor iron distribution and high variability within NC masa may be due to a combination of 
factors including pellet/nixtamalized corn ratios, solubility of iron formula in alkaline conditions, pellet 
density, water concentrations during processing, moisture content of the final product, and iron content 
within the whole pellet load. Higher iron concentrations allowed clearer visualization on the effect of 
added iron into the masa. Overall, the use of ferrous bisglycinate pellets to fortified nixtamalized corn 
resulted in higher iron concentrations in masa. Although the results do not support our initial 
hypothesis, it is expected that further mixing of the masa after corn grinding could promote the 
distribution of iron throughout the masa. During interviews with mothers and food preparation 
observations in Guatemala, it was clear that kneading is a significant part of the process. Corn masa 
dough is kneaded right after grinding for short periods (1-2 minutes) and also at homes. However, for 
the latter, it is not known the actual amount of kneading time, and if this process is performed to the 
whole masa or only to the portions consumed during a meal. Thus, it is possible that iron redistribution 
could have been reached at higher levels than observed. 
5.3.2 Color changes of iron fortified masa over time 
 Although the addition of iron into fortified pellets resulted in changes in color parameters and 
texture, these will not be discussed herein as the focus of this technology is fortified masa. In this study, 
color changes observed were due to the addition of pellets containing iron, at any concentration, to 
masa, which promoted darkening of samples. These changes in color were more accentuated over time. 
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Previous studies have shown changes in L, a and b parameters after addition of iron formulations to 
staples (Burton et al., 2008; Figueroa Cárdenas et al., 2003; Richins et al., 2008). Similarly, color changes 
over time have been reported by Nieblas et al (1991). According to Ritchins et al (2008), the main effect 
of NaFeEDTA as iron formulation is the change in L and b parameters. At the fortification levels used by 
these authors (16.98 mg Fe/kg of dry flour), samples fortified with NaFeEDTA had a greater observable 
differences when compared against the control. Our reported changes in L values were similar to the 
ones they reported (L: -7 vs. -5, respectively). Although we did not conduct a sensory evaluation of the 
masa, in this study NaFeEDTA fortified samples at the highest fortification level, 50 g pellet/kg wet masa 
(16.15 mg Fe/kg dry masa), did not show such extreme variations. NaFeEDTA has been used extensively 
in fortification, with several reports describing significant effects on color, especially on the L and b 
parameters, which are not distinguished during a sensory evaluation with panelists. This is supported by 
sensory studies in nixtamalized corn masa showing consumer acceptability with fortification levels up to 
15 mg Fe/Kg wet masa (Dary, 2002a). 
 Sensory changes due to ferrous bisglycinate are similar to those by NaFeEDTA (Richins et al., 
2008). Studies in corn based products (e.g., maize porridge) showed changes in lightness compared to 
non fortified control similar to our observations (Bovell-Benjamin et al., 1999). However, the evaluation 
of this parameter was measured by sensory trained panelist making correlation to L values difficult. 
Despite this technical difference, products using ferrous bisglycinate as an iron formulation follow the 
same trend. Another main effect observed in our experiment at any fortification level was a significant 
decrease in a value generating greener masa sample. This may result in reduced consumer acceptance. 
However Dary (2002b) showed acceptability of nixtamalized corn tortillas fortified with ferrous 
bisglycinate at 15 mg Fe/kg masa. 
5.3.3 Texture changes of iron fortified masa over time 
 Texture characteristics were affected by the addition of fortified pellet, the iron source and time 
exposure to environmental conditions. In spite of the iron source, addition of iron resulted in masa of 
higher compression force, which increased after 8-h period. This was expected as tortilla carbohydrates 
in masa retrograde similar to any other starch containing foods (e.g., pasta, bread). However, starch in 
nixtamalized corn masa tends to retrograde quickly (Gomez et al., 1991). This explains the quick changes 
in compression force for all treatments, which were over 50% after 8 h. In this study, it was hard to 
differentiate the influence of the amount of pellet and iron on texture. There were no masa controls 
with addition of different amounts of unfortified pellets. Addition of NaFeEDTA pellets resulted in a dose 
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response effect on masa compression force. However, it is hard to differentiate if the effect is due to 
more iron or more pellets. For ferrous bisglycinate at time 0, adding more iron and more pellet did not 
lead to a dose dependent effect on masa compression force. Nonetheless, the overall change in 
compression force from time 0 to 8 h for masa fortified with ferrous bisglycinate was lower than that in 
the control during the same time period (46% vs. 64%). It is known that single amino acids can influence 
the functionality of starch-based products, such as swelling, paste stability, and retrogradation (Liang & 
King, 2003). However, in the case of this study, it is not known if the addition of glycine would influence 
textural changes in nixtamalized corn masa. There is limited literature regarding texture changes in masa 
due to the use of iron formulas. Burton et al (2008) evaluated addition of ferrous fumarate on texture 
changes and found no differences in hardness and adhesiveness between non fortified and fortified corn 
masa. Although changes in texture were significant, without proper controls, it is difficult to conclude on 
the actual role of the iron source and fortification level in this effect.  
Certainly, in the context of this technology, changes in masa rheology over time are a significant 
hurdle in the product development phase. Although these changes could reduce acceptance of the 
product, in Guatemala most families add water to masa right before they make tortillas. Also, most 
families do not consume masa stored for longer periods as it becomes stale and rancid at room 
temperature. Families with more resources have access to refrigeration; which facilitates storage of 
masa for longer periods. 
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CHAPTER 6:  CONCLUSIONS 
 
In this work the author discussed proof of concept studies for the fortification of nixtamalized 
corn at the point of wet milling using super-fortified extruded materials. There were two aims in this 
study: 1) to design a technology that incorporates iron into extruded pellet and its evaluation; and 2) to 
incorporate the fortified pellet into nixtamalized corn similarly as conducted in rural Guatemala.  
In the first aim, the creation and evaluation of a super-fortified pellet was achieved. The pellet 
was fortified with either NaFeEDTA or ferrous bisglycinate. Both iron sources worked well in the pellet 
and resulted in specific characteristics in terms of maximum iron content, color and texture. The 
production of these pellets was feasible in the pilot plant using a peristaltic pump to infuse iron 
solutions into pellets. This process resulted in a pellet with constant amount of iron ready to be mixed 
with nixtamalized corn. However, there were some issues with recovery of the chelated iron in fortified 
pellets after infusion with the pump. This requires further study. 
In the second aim, the replication of traditional nixtamalization process under controlled 
conditions was also possible in the pilot plant. A Burr mill and a bucket where necessary to mix iron 
fortified pellets with nixtamalized corn. This process resulted in corn masa that had specific 
characteristic in terms of color and texture, which were not different from the unfortified control.  
Nonetheless, the variability in the redistribution of iron was significantly high, resulting in very poor 
recoveries for certain iron types and levels, especially NaFeEDTA at 12.5 and 25 g/kg masa. It is possible 
that these changes depend on the iron source, but it requires further study as the high variability do not 
allow direct comparison among means. Thus, at this point the addition of iron into the nixtamalized corn 
delivered in fortified pellets was not feasible using manual mixing in the bucket and grinding with the 
Burr mill, at least at the lowest levels evaluated.  It is possible that modifying pellet density, optimizing 
iron solubilization at higher pH, and kneading masa after grinding (as customary in Guatemala 
households) could help uniform the dispersion of iron in corn masa.   
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Welly Puffing Machine 
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Males Fe needs (µg/day) based on percentage of RDA Covered   
Group Requirement (RDA) 10% 20% 30% 40% 50% 60% 70% 80% 
Males Males (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) 
7-12 m 11 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 
1-3 y 7 0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 
4-8 y 10 1 2 3 4 5 6 7 8 
 9-13 y 8 0.8 1.6 2.4 3.2 4 4.8 5.6 6.4 
14-18 y 11 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 
19-50 y 8 0.8 1.6 2.4 3.2 4 4.8 5.6 6.4 
51 + y 8 0.8 1.6 2.4 3.2 4 4.8 5.6 6.4 
 
Females Fe needs (µg/day) based on percentage of RDA Covered 
Group Requirement (RDA) 10% 20% 30% 40% 50% 60% 70% 80% 
Females (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) (mg/day) 
7-12 m 11 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 
1-3 y 7 0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 
4-8 y 10 1 2 3 4 5 6 7 8 
 9-13 y 8 0.8 1.6 2.4 3.2 4 4.8 5.6 6.4 
14-18 y 15 1.1 3 4.5 6 7.5 9 10.5 12 
19-50 y 18 0.8 3.6 5.4 7.2 9 10.8 12.6 14.4 
51 + y 8 0.8 1.6 2.4 3.2 4 4.8 5.6 6.4 
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NaFeEDTA total color (∆ E) changes 
 
∆   
Time Fortification level (g pellet/kg masa) 
(hours) Control 12.5 25 50 
2 0.87 0.72 0.93 1.83 
4 1.07 1.55 1.87 2.48 
6 2.17 3.15 2.72 3.05 
8 1.86 3.26 1.95 3.09 
 
 
 
Ferrous bisglycinate total color (∆ E) changes 
 
∆   
Time Fortification level (g pellet/kg masa) 
(hours) Control 12.5 25 50 
2 0.87 0.90 2.06 1.35 
4 1.07 1.08 2.19 1.70 
6 2.17 1.70 2.37 1.99 
8 1.86 2.69 2.55 2.70 
 
